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Fossil fuels are considered one of the most significant contributors to anthropogenic 
greenhouse gas (GHG) emissions, and renewable energy derived from biomass has 
potential to displace fossil fuels and to significantly reduce the CO2 emissions. One 
example of the conversion of biomass into renewable energy is the production of biofuels 
such as ethanol and biodiesel. Nowadays, producing a green product with lower cost is 
challenging because of production cost and environmental impacts of the manufacturing 
process that involve expensive technologies and significant amounts of emission. While 
much research in this area has been published over the last few decades, gaps remain with 
respect to understanding sustainability and environmental impact of ethanol production. 
These gaps can be explained by techno-economic analysis designed to optimize one 
process, and by life cycle assessment, a tool for assessing environmental performance of 
complex systems. 
The principal objective of this dissertation was to investigate the feasibility of 
certain processes in the ethanol production chain to fill in some existing deficiencies in the 
literature related to different aspects of ethanol production and its coproducts. Four sub-
objectives were developed: to investigate how storage time, storage temperature, and 
particle size influence chemical and nutritional properties of corn distillers dried grains 
with solubles (DDGS); to analyze the economic feasibility of substituting evaporation 
process for a flocculation technology in a corn-based ethanol plant through Life Cycle 
Assessment (LCA) and Techno-Economic Analysis (TEA); to determine the proximate 
analysis and to predict the ultimate analysis of sugarcane bagasse and corn stover (leaves, 
stalks, cobs, and raw material); and to evaluate the economic feasibility of low-moisture 
xv 
anhydrous ammonia (LMAA) pretreatment in five different scenarios for ethanol 
production from sugarcane bagasse. 
Because the United States is considered the largest producer and exporter of grain-
based ethanol and DDGS in the world, a study investigating how storage time, storage 
temperature, and particle size affect some properties of corn DDGS was conducted. 
Additionally, the feed industry has expressed concerns related to nutritional components 
of DDGS in the U.S. feed market, and the analysis revealed that among these properties 
only storage temperature did not affect the properties of DDGS. To achieve the second sub-
objective, LCA and TEA were conducted to analyze the economic feasibility of using a 
flocculation process in substitution of an evaporation system in a corn-based ethanol plant, 
with results showing that utility costs were lower for the flocculation process than for the 
evaporation system. However, none of the simulated scenarios were profitable, and from 
sensitivity analysis, it was observed that feedstock cost was the most sensitive parameter 
with respect to DDGS, distillers wet grains with solubles (DWGS), and corn oil production 
cost. With respect to environmental aspects, the flocculation process also presented the 
lowest Global Warming Potential (GWP) emissions and a significant reduction in CO2-
equivalent emissions. 
To achieve the sub-objective, from the study for determining the proximate analysis 
and for predicting the ultimate analysis of sugarcane bagasse and corn stover, it could be 
concluded that experimental data from the proximate analysis produced values similar to 
those found in the literature, and ultimate analysis could be successfully estimated using 
published models based on the proximate analysis. Finally, to accomplish the last sub-
objective, LCA and TEA were conducted to evaluate economic feasibility and 
xvi 
environmental impact of the use of LMAA pretreatment for five different scenarios for 
ethanol production from sugarcane bagasse. As a result, materials and utility costs were 
found to be the most impactful costs for all simulated scenarios, and from sensitivity 
analysis it could be observed that ethanol sale price was the most sensitive parameter, 
followed by feedstock cost and ammonia cost. On the other hand, LCA results revealed 
significant reduction in GHG emissions, and the scenario with the lowest feedstock amount 
to be processed presented the lowest GHG emissions, an expected result due to the 
utilization of the equipment with lower capacity that required less energy consumption. 
Keywords: biofuel, greenhouse gas emissions, environmental impacts, economics 
evaluation, corn stover, sugarcane bagasse, ethanol production. 
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CHAPTER 1.    LITERATURE REVIEW 
Introduction 
In the worldwide economy, nearly all commercially produced energy is from non-
renewable sources (Birur et al., 2008). For meeting the global energy demand, fossil fuels have 
been the base energy source, and more than 80% of the world’s total energy is produced by 
burning fossil fuels (Escobar et al., 2009), with only approximately 10% of the energy 
produced is from renewable energy sources (Maity et al., 2014). Some researchers believe that 
fossil fuel reserves are limited and anticipated to be exhausted during the next 40-50 years, 
revealing the necessity of finding a renewable, sustainable, efficient, and cost-effective 
alternative energy source, with lower rates of greenhouse gases (GHG) emission (Vohra et al., 
2014; Zabed et al., 2014). 
According to the U.S. Energy Information Administration (EIA, 2018), while 
renewable energy produced from biomass has increased substantially since 2000 (Figure 1.1), 
this is still low compared to that from fossil fuels (Figure 1.2). Specifically, in 2000, biofuel 
production was 0.233 x1015 Btu with a total renewable energy output of 6.102 x1015 Btu, while 
from January through October 2017 the production of biofuels from biomass was equivalent 
to 1.925x1015 Btu and with total renewable energy production of 9.216 x1015 Btu. Thus, in less 
than two decades the production and the consumption of biofuels has increased by almost ten 
times, meaning that the production and consumption of biofuels and renewable energy are 
increasing over the years. 
Energy derived from biomass is favorably renewable and can minimize greenhouse gas 
(GHG) emissions from fossil fuels (Patel et al., 2016). Since biomass is an unique renewable 
source that can be directly converted to valuable bioenergy and biofuel using thermochemical 
2 
conversion technology (Hamelinck and Faaij, 2006), it can be a promising alternative to fossil 
fuel because it represents sunlight-derived energy transformed into biomass by photosynthesis 
(Bansal et al., 2016). 
Kuhad and Singh (2007) stated that while biomass is in general burned, it can also 
potentially be converted into biofuel for use in various value-added products such as chemicals 
and cheap carbon sources for fermentation, improved animal feeds, and human nutrients by 
cellulose-degrading microorganisms. Hahn-Hägerdal et al. (2001) agreed and emphasized that 
lignocellulose is considered one of the most abundant renewable resources in the world and 
highly promising as an alternative feedstock for production of fuels and chemicals. 
To substitute for oil imports, to support farm profits, and to mitigate climate change, 
the production of biofuel has been endorsed by various policy instruments from several 
regions, including the United States, Brazil, and the European Union (Gohin, 2016). Although 
ethanol has a 68% lower energy content than petrol, its combustion is cleaner and consequently 
emits fewer toxic substances due to its high oxygen content, reducing its CO2 emission by up 
to 80% compared to fossil fuels (Krylova et al., 2008; García-Aparicio et al., 2011; Aditiya et 
al., 2016). 
Ethanol can be easily manufactured by alcoholic fermentation of sugar derived from 
vegetable materials and agricultural residues. Fuel ethanol can also be obtained from 
lignocellulosic biomass, and feedstock is the factor most affecting complexity of the ethanol 
production process (Ghadikolaei, 2016). Therefore, for producing ethanol, the spectrum of 
designed and implemented technologies can vary widely, from simple conversion of sugars by 
fermentation to the multi-stage conversion of lignocellulosic biomass (Sanchez and Cardona, 
2008). 
3 
While biofuel production has been widely applied in the world, concerns have been 
raised about its sustainability, and issues such as potential impacts of biofuels on food security, 
agricultural commodity prices, and social and environmental effects have been questioned. 
Life Cycle Assessment (LCA) is a tool for environmental modelling of complex systems that 
can evaluate environmental performance of a product or a service to quantitatively determine 
its environmental impact (Azapagic, 1999; Kim and Dale, 2005; Finnveden and Moberg, 2005; 
Souza et al., 2010; Sobrino et al., 2011; Menten et al., 2013; Rocha et al., 2014; McAuliffe et 
al., 2016; Soam et al., 2016; Lazarevic and Martin, 2016). Another critical point that must be 
considered is ethanol production profitability that can be analyzed by Techno-Economic 
Assessment (TEA) of the whole system. 
The focus of this literature review is therefore related to environmental and economic 
impacts by discussing the Life Cycle Assessment (LCA) and Techno-Economic Assessment 
(TEA) of ethanol production. 
 
Ethanol production 
The overall production of ethanol is expected to increase over time, with the projection 
for 2026 expected to reach about 136.7x109 L of ethanol. The United States and Brazil are 
considered its most major producers, followed by China and the European Union, producing, 
in 2016, 59.2x109 L (49.4%), 29.2x109 L (24.4%), 10x109 L (8.4%), and 7.1x109 L (5.9%), 
respectively (Figure 1.3). Ethanol production in the U.S. and Brazil is expected to follow the 
world trend, with the U.S. expected to use maize as feedstock,while Brazil uses sugarcane as 
the primary source for ethsnol production. In 2016, the U.S. contributed with 83.1% with the 
global production of ethanol from maize, and Brazil provided 94.0% of the worldwide 
production of ethanol from sugarcane. The 2026 projection for maize and sugarcane-based 
4 
ethanol production shows a slightly decrease, expecting that the U.S. will contribute with 
81.5% of total world ethanol production from maize and Brazil will contribute with 92.1% of 
total world ethanol production using sugarcane as a feedstock (Figure 1.4 and 1.5) 
(FAO/OECD, 2018). 
Ethanol is referred to as first or second generation depending on the feedstock used for 
ethanol production. For first-generation ethanol, feedstock for food and feed, e.g., cereals, 
tubers, high sugar-content plants, and coproducts from agro-industrial processing, are the 
production sources, while for second-generation ethanol, sources include nonfood such as 
wood, tall grasses, crop residues, paper residues, and other lignocellulosic materials (Morales 
et al., 2015). 
Purnima and Jayanti (2016) stated that ethanol is considered a CO2 neutral fuel, except 
for CO2 generated during the biomass transportation and biomass conversion to ethanol, with 
CO2 consumed by plants throughout their period of growth. Supporting a sustainable economy 
by reducing petroleum use, minimizing CO2 accumulation, and decreasing combustion-related 
particle matter and NOx emission (Srimachai et al., 2015). Based on a significant amount of 
research, Zakaria et al. (2016) claimed that ethanol offers many more benefits than other fuels, 
including its higher energy density of 8.00 kW h kg−1 and nontoxic emissions, avoiding 
environmental pollution issues. 
The Renewable Fuel Standard (RSF) requires a specific increase (4.0x109 gallons in 
2006 rising to 36.0 x109 gallons in 2022) in the volume of renewable fuel sold as transportation 
fuel or introduced into commerce in the United States to reduce or replace use of petroleum-
based transportation fuel and to minimize lifecycle greenhouse gas (GHG) emissions 
assessments (in 2022, the widespread use of biofuels under the RFS is estimated to decrease 
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annual GHG emissions by 138.0 x106 t, equivalent to reducing the number of road vehicles by 
27.0 x106) (Schnepf and Yacobucci, 2013). From this perspective, the volume of conventional 
biofuel would hold steady, while the mandate requires increasing the volume of use of 
advanced biofuels. For example, the cellulosic biofuel requirement rises over time from less 
than 1% in 2010 to 44% in 2022 (Bracmort, 2015). 
According to the Renewable Fuels Association (RFA, 2018), in 2017, the United States 
recorded production of ethanol of 15.8 x109 gal/y from 201 operational ethanol biorefineries. 
This represents a 3.5% increase in ethanol production compared to the production in 2016, 
which achieved 15.25x109 gallons of ethanol (RFA, 2017). Among U.S. states, Iowa 
contributed most to the national ethanol production in 2017, producing 4.127x103 gal/y, which 
corresponds to 26.2% of the total output. 
There are three essential processes for producing ethanol from lignocellulosic 
materials. First, reduction of particle size and pretreatment for biomass delignification are 
critically necessary to release cellulose and hemicellulose; second, the use of enzyme or other 
methods can be applied to hydrolyze the cellulose and hemicellulose for producing the glucose, 
xylose, arabinose, galactose, mannose; finally, the fermentation of reducing sugar to ethanol 
(Kumneadklang et al., 2015). During biofuel production, most of the cellulose and 
hemicellulose are first transformed into fermentable sugars and after that converted into 
biofuels. However, the lignin cannot be transformed in biofuel forming remains in the waste 
stream (Baral et al., 2016). 
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Distillers Dried Grains with Solubles (DDGS) and Distillers Wet Grains with Solubles 
(DWGS) production 
In the United States, the highest amount of ethanol is produced using dry-grindding 
processing, and the remaining is generated from the wet-milling processing. The non-
fermentable coproducts produced from a dry-grindding process are usually distillers wet grains 
(DWG) or distillers dried grains with solubles (DDGS), while a wet-milling process produces 
corn gluten meal or corn gluten feed (Wood et al., 2014). Rosentrater (2015) emphasized that 
ethanol coproducts, primarily distillers dried grains with solubles (DDGS) and distillers wet 
grains with solubles (DWGS), are fundamentally important for the long-term feasibility of the 
fuel ethanol industry as well as for various livestock-related industries. 
Chatzifragkou et al. (2016) affirmed that the main product of the dry-grind distillation 
process is distillers dried grains with solubles (DDGS), which are mainly generated from 
beverage alcohol plants or grain-based fuel-ethanol plants. According to Rosentrater and 
Muthukumarappan (2006), protein, oil, fiber, and ash are the main components of DDGS. 
Klopfenstein et al. (2008) stated that in the dry milling process, nutrients remaining 
from the ethanol production can be recovered in the stillage; since for producing DDGS, water 
is removed from the stillage, concentrations of protein, fat, fiber, and phosphorous are three 
times higher in the DDGS than in corn. Thus, the increased concentration of protein in the 
DDGS make it primarily useful as as a protein source. Shukla and Cheryan (2001) affirmed 
that the total protein content of DDGS is approximately 30%, the actual amount depending on 
the corn variety and the processing methods used. 
In a study related to viability of using ethanol coproducts to produce energy to a 
190x106 L/y and a 380x106 L/y dry-grind ethanol plant, Tiffany et al. (2007) concluded that if 
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the total DDGS produced was used to provide energy for the facility itself, the rate of return 
on investment for the facility would increase, and excess energy could be traded to the grid. 
 
Life Cycle Assessment (LCA) 
Life Cycle Assessment (LCA) is a useful and conventional method for determining 
greenhouse gas (GHG) emissions and assessing the impact of a product from the cradle to 
grave all throughout its full life cycle (Baral et al., 2016). LCA methodology can evaluate 
product improvement, product design or product comparison, by considering four 
methodological phases: (1) definition of the objectives and system limits, (2) determination of 
the life-cycle inventory, (3) qualification of the life-cycle impacts categories, and (4) 
interpretation of the results (Morales et al., 2015; Roy et al., 2012). 
There are two general types of LCA, attributional (aLCA) and consequential (cLCA), 
that play an essential role in fuel analysis. The first compares an applicant fuel to an incumbent 
fuel based on physical relationships, while the second targets determination of overall impacts 
of a fuel's use within a dynamic economic system using several economic approaches 
(Gerbrandt et al., 2016). Melamu and Blottnitz (2011) stated that fuel production from food 
crops generates discussion of food security and extensive investigations of the extent to which 
biofuels, in fact, reduce GHG emissions. 
Gerbrandt et al. (2016) emphasized that the consideration of that biogenic CO2 
emissions does not raise atmospheric CO2 is crucial, because the carbon released through 
lignin combustion, fermentation, and ethanol combustion is composed of carbon sequestered 
when the biomass regrows. The main focus of most lignocellulosic ethanol LCAs is energy 
use and GHG emissions levels compared to ethanol blended with gasoline (at a variety of 
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levels) used in a light-duty vehicle, analyzing its emissions and comparing with a reference 
gasoline vehicle. 
Determining the life cycle assessment, by analyzing the CO2 emissions from ethanol 
blended gasoline in optimized turbocharged engines, Zhang and Sarathy (2016) found that 
sugarcane-based ethanol blended gasoline is effective in reducing CO2 emission, with an 
optimum blend of 32% and a reduction in CO2 emission compared to the reference gasoline 
fuel of 7.1%, while corn-based ethanol blended gasoline was not as effective in reducing CO2 
emissions. Significant GHG reductions for ethanol relative to gasoline have been reported (60 
– 140%); this depends on the conversion process and coproduct selection (Pourbafrani et al., 
2014). 
Morales et al. (2016) concluded that the quantity of ethanol blended with gasoline and 
the source of raw material profoundly influences LCA results, and affirmed that GHG 
emissions reduction is less than 10% for E10 blend and greater than 40% for E85 and higher 
blends, the critical source of the production stage. Roy et al. (2012) affirmed that reduction in 
GHG emission depends on feedstocks used, conversion technology, coproduct utilization, and 
allocation methods. 
Garcia et al. (2016) who studied the overall life cycle stages of grain sorghum-based 
ethanol production, found that medium yield is the best option with respect to emissions 
reduction, with a value of 30.5 kg CO2eq./GJethanol, and emphasized that ethanol production 
releases fewer emissions, 83.8 kg CO2eq./GJethanol, than the gasoline life cycle reference value. 
Seghetta et al. (2016) performed a comparative life cycle assessment of a base case and 
six scenarios of alternative production by macroalgal biorefineries (MABs). For the base case 
scenario, the conditions used were: average productivity, Laminaria digitate as species, 
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ethanol production using separate hydrolysis and fermentation (SHF) as conversion 
technology, summer season, and seeded lines 8 mm in diameter as cultivation design. The six 
other scenarios were related to productivity (low and high), species (Saccharina latissima), 
conversion technology (simultaneous saccharification and fermentation (SSF), season (spring 
harvest), and cultivation design (hollow rope filled with stones). Concluding that the base case 
provides a net reduction with respect to climate change factors, the results varied between 
−0.1·102 (base case) and −2.8·102 (high production) kg CO2eq./ha., with all scenarios providing 
water quality restoration services. 
To determine the most promising option from an environmental perspective to annex a 
2G biorefinery into an existing sugar mill, compared to burning trash on-field and bagasse via 
an inefficient boiler, Mandegari et al. (2017) compared three different biorefinery scenarios 
related to co-production of ethanol and electricity from available lignocellulose at a typical 
sugar mill. The three scenarios were similar regarding with respect to feedstock (a mixture of 
bagasse and trash), products (ethanol and electricity), and independent energy supply for the 
sugar mill and biorefinery, as well as arrangements of the 2G biorefinery. They concluded that 
based on LCA results, scenario 2 outperformed the others, while all three scenarios exhibited 
a lower environmental burden than the practice of burning trash on-field and bagasse via the 
inefficient boiler. 
Pawelzik and Zhang (2012) used Life Cycle Assessment with Technological Advances 
over Time (LCA-TAT) for quantifying the environmental impacts of advancing technology in 
cellulosic ethanol production through simultaneous saccharification and co-fermentation 
(SSCF) processes at different time points: 1999, 2000, 2005, 2010, and 2015. The system 
boundary analyzed was the cellulosic ethanol production phase and the environmental impacts 
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analyzed were: greenhouse gases, the ozone layer, acidification, eutrophication, heavy metals, 
carcinogens, pesticides, summer smog, winter smog, energy resources, and solid waste. They 
found that heavy metal indicators contributed the most to the environmental impact, with an 
estimated 47% reduction resulting from the cost of ethanol production within the analyzed 
period. They concluded that environmental performance is not associated with economic 
improvement as technology advances. 
Czyrnek-Deletre et al. (2017), based in previous research, stated that a reduction in 
greenhouse gas (GHG) emissions does not automatically lead to a decrease in other 
environmental impacts, and this might be associated with an increase in effects such as 
acidification, eutrophication, and land use change. The authors highlighted that the system 
boundaries should be expanded to include the life cycles of coproducts, and the results should 
be reported for more than one functional unit. 
 
Techno-Economic Analysis (TEA) 
Cost of ethanol production is dependent on technical and economic parameters such as 
feedstocks cost, feedstocks choice, energy consumption, conversion technology and 
efficiency, and value of coproducts (Roy et al., 2012). One way of reducing the industrial costs 
would be effective energy management and adequate system optimization that could result 
significant energy and cost savings and reduction in CO2 emissions (Chauhan et al., 2011). 
A techno-economic analysis of lignocellulosic ethanol revealed that commercial 
success of pilot plants (0.3-67 MW) remains a pending issue, although cost-competitive 
ethanol can also be produced with efficient equipment, optimized operation, cost-effective 
syngas cleaning technology, inexpensive raw materials with low pretreatment cost, high 
performance catalysts, off-gas and methanol recycling, an optimal systematic configuration 
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and heat integration, and a high value by-product with a plant capacity of 200 MW (Roy et al., 
2012). 
Wood et al. (2014) investigated twelve different scenarios and affirmed that in an 
ethanol facility, annual operating cost includes all of the expenses related to the facilities, labor, 
materials, and utility required for operation, with the most significant impact on the global 
operating costs is associated with material costs, 76% on average, followed by utilities with an 
average of 10.9%. They also claimed that since ethanol makes up approximately 31% of the 
total annual product, contributing almost 80% of the total annual revenue of the plant, a change 
in corn prices would have little to no effect on annual revenue for scenarios considered between 
2005 and 2011. However, when the costs of other products produced were adjusted to current 
market values, the overall revenue decreased to approximately 77.6%. 
Yang and Rosentrater (2015) conducted a techno-economic analysis on three different 
scales based on corn stover capacity (100 t/d, 800 t/d, and 2000 t/d) of one cellulosic ethanol 
plant and concluded that the larger the plant scale the larger the plant, the lower the product 
cost, both in $/gal of ethanol and $/t of feedstock. 
Garcia et al. (2016) in analyzing the production cost of molasses-based ethanol (EMB), 
direct juice-ethanol with power co-generation (EDJE), and high and medium sorghum 
modalities, found that the modality with the lowest production cost was EDJE with $0.331/L, 
and that the production cost for sorghum-based ethanol varied around $0.441/L, emphasizing 
that feedstock was the item with the highest production cost. 
Mayer et al. (2016) studied the economic feasibility of ethanol production at a small-
scale distillery with production capacity equal to 30 L/h of hydrous ethanol fuel (HEF). They 
analyzed two scenarios: the first was related to ethanol fuel and bagasse traded in a cooperative, 
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with no associated taxes on these products; the another scenario reflected ethanol fuel and 
bagasse being sold on the open market with taxes on the hydrous ethanol fuel. After analyzing 
the hydrous ethanol fuel (HEF) cost, the authors stated that since a variation of about 50% in 
raw material cost resulted in variation of 26% in HEF cost. Thus, they concluded that due to 
scale features of the distillery, feedstock cost impacted most in ethanol selling price, in some 
cases making the commercialization of ethanol impractical. Therefore, only the first scenario 
considering the marketing of byproducts was economically feasible. 
Gwak et al. (2017) economically evaluated an ethanol process using a fluidized bed 
gasifier using domestic biowastes for two different scale processes (2000 dry t/d process and 
1000 dry t/d process), and concluded that the 2000 dry t/d plant would be more profitable than 
the 1000 dry t/d plant, considering the investment cost to be combination of indirect costs, 
construction costs, and technology costs. The net present value (NPV) was 47.9 million dollars 
for the 2000 dry t/d plant for an ethanol sales $0.94/L, while for the 1000 dry t/d plant, the 
NPV was 69.5 million dollars for an ethanol sales price of $1.28/L. 
Mandegari et al. (2017) analyzed the economic feasibility for three different scenarios, 
whose main differences were the energy supply source of the mill and the ethanol plant. In 
scenario 1, coal was burned in an inefficient sugar mill boiler to satisfy energy demand, while 
in scenario 2, centralized combined heat and power (CHP) was fired by biomass, and in 
scenario 3, co-combustion of biomass residues and coal was used with no combustion of virgin 
lignocellulose. The authors affirmed that the total capital investment (TCI) per liter of 
produced ethanol varied among the three scenarios according to the different ethanol 
production rate for each one, with $2.44, $3.03, and $2.61 per liter of ethanol for scenarios 1, 
2 and 3, respectively. Considering only internal requirements, the TCI value would decrease 
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to $2.65/L for scenario 2, reflecting the capital cost of the additional capacity of the boiler 
generator to replace the existing inefficient sugar mill boiler. 
 
Investigating the use of sugarcane bagasse in food/feed applications 
With increasing demand for food and energy resulting from population growth, one of 
the most significant challenges for humanity is food security, implying regular availability and 
humans access to food (Wahlang et al., 2012). Researchers have therefore conducted several 
studies to provide essential goods for the population, manning the minimization of the 
excessive environmental sources exploration by efficiently utilizing coproducts or residues. 
After investigating the use of sugarcane as a feed source, it can be affirmed that it is 
commonly used to feed ruminants. For large-scale work, silage can be used, and this can 
provide many benefits through supplying roughage during dry periods. Gandra et al. (2017) 
stated that, in subtropical regions, because of a sugarcane crop’s high dry matter production 
per area, sugarcane silage may be more agronomically and economically suitable than corn 
silage. However, attention related to genotype selection, associated to the fiber quality, must 
to be taken because of silage’s low protein content and low fiber digestibility that may 
negatively affect its nutritional value for ruminants. Furthermore, not only the choice of 
genotype is essential, but also the appropriate chemical treatment to allow sugarcane to 
efficiently release its soluble carbohydrates, increasing its forage quality, promoting fewer 
losses, and reducing alcoholic fermentation (Romao et al., 2016). 
Sugarcane presents high fiber content and low fiber degradability, depressing feed 
intake, limiting energy availability, and impairing ruminant performance (Gandra et al., 2017). 
Augusto et al. (2017) evaluated the performance of feedlot cattle who were fed diets containing 
proportions of fresh sugarcane as their only roughage along with levels of babassu mesocarp 
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bran. The authors reported that the dry matter intake, average daily gain, and cold carcass 
weight were not changed by a proportion of sugarcane or babassu mesocarp level. They 
reported that the increasing percentages of sugarcane reduced subcutaneous fat thickness and 
the addition of babassu mesocarp bran enabled the use of larger proportions of sugarcane. 
Utilization of agricultural remains for different purposes has been successfully 
accomplished. Sugarcane bagasse, one example of agricultural residues, is composed of fiber, 
pith, nonsoluble solids, and water. Generally, the bagasse left over from the sugar and ethanol 
manufacturing processes would be burned to produce energy for use in the mills. Noting that 
each tonne of sugarcane results in 0.3 tonne of bagasse, the amount of sugarcane bagasse 
production and its availability for various uses such as cogeneration, and feed and food 
application can be estimated by knowing the level of sugarcane production. The sugarcane 
bagasse that does not remain from sugar-ethanol production has a result of manufacture of 
cachaça, rapadura, raw brown sugar, seeds, and seedlings. In Brazil, the sugar-ethanol sector 
has achieved self-sufficiency in energy production of through power generation and steam 
production, especially for sugar manufacturing, and this can generate a significant amount of 
surplus electricity during the peak of the season (Hofsetz and Silva, 2012). Arshad and Ahmed 
(2015) stated that 1000 kg of sugarcane bagasse can generate about 0.450 MWH of electricity 
through co-generation technology. However, Ong et al. (2018) reported that sugarcane bagasse 
is commonly used as ruminant feed in Thailand, illustrating another use of this residue. 
Sugarcane bagasse can potentially be used for diverse applications in various fields, 
such as electricity, particle board, paper, furfural, biogas, molasses, and water treatment, as 
well as a feed/food source (Paturau, 1987; Pehlivan et al., 2013). Thus, since sugarcane bagasse 
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is a valuable source of dietary fiber, this paper described the application of sugarcane bagasse 
in feed and food formulation. 
 
Sugarcane bagasse as dietary fiber  
Utilization of dietary fiber as a valuable ingredient in the human diet has been reported 
as early as 400 BC when Hippocrates identified bran as a laxative (Gaonkar and Kulkarni, 
1989). To promote specific benefits related to gut and general health, fiber can be used to dilute 
energy density (Kawauchi et al., 2011; Fischer et al., 2012). Dietary fiber is considered an 
extraordinarily structured and unexpandable material with variable water absorption capacity, 
that affects its viscosity, mass flow, and formation of cellular structure in the extrudates 
(Karkle et al., 2012). Baphiralang (2011) stated that physical properties such as particle size, 
water holding capacity, solubility and viscosity in aqueous phase, affinity to bile acid salts, 
cationic binding/exchange effect, fermentability in the bowel, and chemical identity and 
proportion of the various constituents directly affect the effectiveness of dietary fiber when 
consumed. 
While some physiological benefits such as reduction of health illnesses like 
constipation, obesity, cardiovascular disease, and cancer may be achieved by consumption of 
dietary fiber sources (Leang and Saw, 2011), the application of unprocessed lignocellulose 
materials such as vegetal pulps in baked food formulations may cause adverse effects such as 
loss of baked volume and gritty texture (Sangnark and Noomhorm, 2003). 
Sugarcane bagasse is considered an excellent source of dietary fiber that provides 
health beneficial effects such as anti-diabetic, anti-tumorigenic, and anti-atherosclerogenic 
effects (Sangeetha et al., 2011). Since sugarcane bagasse is a source of dietary fiber, it 
generates no calories, and it could be employed as a functional ingredient in confectionary, 
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bakery, low-fat-high-fiber dietetic products, as well as in weight-loss diets (Leang and Saw, 
2011). 
Sangnark and Noomhorm (2004) stated that sugarcane bagasse is used in cattle and 
chicken feed as well as in insulating board and papermaking, and because of its dietary fiber, 
this residue can be used in health foods. Nowadays, people have been demanding healthy food 
at an affordable prices and superior sensory quality, and the recommended level of 
consumption of dietary fiber per person should be equal to 30g/d or 12g/1000Kcal.d 
(Baphiralang, 2011), so the food sector has made efforts to add dietary fiber to food products. 
Because lignocellulosic material does not hydrate well and therefore does not soften or 
integrate well with dough, its is difficult to apply to food. However, chemical treatments, such 
as the use of alkaline hydrogen peroxide (AHP), can improve the hydration properties of 
lignocellulose materials (Sangnark and Noomhorm, 2004). Alkali treatments of sugarcane 
bagasse can increase its digestibility for animal feeding by disrupting the lignocellulosic cell 
walls of the biomass, with possible removal of up to 85% of lignin fraction from the biomass 
fraction by using solutions with a 1% NaOH concentration (Rezende et al., 2011). 
 
Sugarcane bagasse in feed application 
From the perspective of sugarcane bagasse utilization in animal feed, Clarke and Edye 
(1996) pointed out that sugarcane bagasse has been successfully used with dairy cattle. 
However, to increase its digestibility, sugarcane bagasse should be treated either by alkaline 
(NaOH) hydrolysis or steam hydrolysis combined with alkali treatment, with such treated 
sugarcane bagasse usually mixed with molasses and a nitrogen source to create a complete 
feed. 
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Raw sugarcane bagasse was used by Rabelo et al. (2008) to evaluate the performance 
and ingestive behavior of young bulls (Nelore, Canchim, and Holstein). The raw sugarcane 
bagasse was extracted using grinding or diffusion methods, and four treatments were 
compared, 5% raw sugarcane bagasse from grinding, 5% raw sugarcane bagasse from 
diffusion, 10% raw sugarcane bagasse from diffusion, and 15% raw sugarcane bagasse from 
diffusion. Their results reflected no statistical difference among treatments with respect to 
average daily gain, feed conversion, and final live weight. Thus, sugarcane bagasse produced 
by a diffusion method can be successfully added to beef cattle feed for up to 15% of its dietary 
dry matter. 
The effects of forage cactus associated with different fiber sources (elephant grass hay, 
corn straw, hay of cassava shoots, fresh sugarcane bagasse, and hydrolyzed sugarcane bagasse) 
on intake, apparent digestibility, and macrobiotic protein production of lactating Sindhi cows 
were investigated by Saraiva et al. (2014). The authors stated that the animals fed with forage 
cactus associated with hydrolyzed sugarcane bagasse presented no significant difference with 
respect to the treatments, although the treatment containing fresh sugarcane bagasse resulted 
in higher dry matter digestibility compared to the others treatments. Since animals fed with 
forage cactus associated with sugarcane bagasse treatments exhibited a lower intake of dry 
matter and nutrients compared that for the other treatments, the authors concluded that a diet 
containing corn straw results in better metabolic responses than one containing sugarcane 
bagasse. Milk yield, milk composition, and feeding behavior of lactating Sindhi cows fed with 
forage cactus with different fiber sources were also evaluated by Saraiva et al. (2015). The 
fiber sources used were elephant grass hay, corn straw, hay of cassava shoots, fresh sugarcane 
bagasse, and hydrolyzed sugarcane bagasse. The conclusion from the evaluation was that 
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Sindhi cows fed with forage cactus associated with fresh sugarcane bagasse and hydrolyzed 
sugarcane bagasse did not achieve good performance, feeding efficiency, or rumination 
responses compared to those fed with the others fiber sources analyzed. 
Almeida et al. (2017) investigated the use of different levels (45, 50, 55, and 60%) of 
sugarcane bagasse as roughage compared with a control diet based on spineless cactus (25% 
sugarcane bagasse) for lactating Girolando cows. The results indicated that diets with 45% and 
50% of sugarcane bagasse met the nutritional requirements, and while the level of sugarcane 
bagasse included in the diet increased the nutrient intake and digestibility, the ruminating time, 
feeding and rumination efficiency, microbial protein synthesis, and milk yield decreased 
linearly. However, the authors did indicate that 45% and 50% sugarcane bagasse diets 
associated with concentrate might be a valuable alternative for replacing spineless cactus diets 
for crossbred dairy cows producing 12 kg/d of milk, and that sugarcane bagasse diets at 55% 
and 60% might be utilized for cows with lower milk production. 
In a study performed by Gunun et al. (2016), the effect on feed intake of feeding beef 
cattle with sugarcane bagasse (SB) treated with urea and/or calcium hydroxide (Ca(OH)2), 
digestibility, and rumen fermentation was studied. The treatments were comprehended by rice 
straw (RS), untreated sugarcane bagasse (SB), 4% urea-treated sugarcane bagasse (SBU), and 
2% urea + 2% Ca(OH)2-treated sugarcane bagasse (SBUC). The authors concluded that 
nutrient value was improved for treatment using sugarcane bagasse with urea and/or Ca(OH)2 
and feed intake, digestibility, and rumen fermentation was increased by feeding treated 
sugarcane bagasse. The authors pointed out that sugarcane bagasse treated with 2% urea +2% 
Ca(OH)2 can potentially be used as an alternative roughage source for ruminant feeding. 
19 
Leme et al. (2003) conducted a study evaluating the performance and carcass 
characteristics of Nellore steers in feedlot fed high concentrate diets with 15%, 21%, or 27% 
of sugarcane bagasse in the dry matter, with results indicating a linear association between 
carcass characteristics percentage and bagasse level presented in the feed composition, with a 
higher percentage in treatments associated with more concentrate. The effects of forages from 
different sources (corn silage, sugarcane, and sugarcane bagasse) in diets with crude glycerin 
were analyzed by Ribeiro et al. (2016) using young Nellore bulls finished in a feedlot. The 
parameters evaluated were the effects on carcass traits, variables related to meat quality, and 
fatty acid profiles on the animals. The authors concluded that, since they found no significant 
difference among the treatments on the carcass and meat quality traits, sugarcane and 
sugarcane bagasse could successfully be used for feeding young bulls. 
The effects on intake, nutrient digestibility, and performance of different sugarcane 
bagasse concentrate levels (40, 50, 60, and 70%) as exclusive roughage in diets for dairy 
Girolando heifers were evaluated by Inacio et al. (2016), and the authors suggested that a 50:50 
ratio of sugarcane bagasse to concentrate for crossbred heifers was most appropriate. 
The efficacy of steam explosion (StEx) and ammonia fiber expansion (AFEX) 
treatments for enhancing in-vitro true rumen digestibility and metabolizable energy of 
sugarcane bagasse for ruminanting feeding was evaluated by Mokomele et al. (2018). The 
results showed that both of the treatments improved both the in-vitro true digestibility and the 
metabolizable energy over those of the untreated controls. The authors highlighted that StEx 
and AFEX can efficiently be used for sustainably producing animal feed. 
Ramli et al. (2005) investigated effects on several parameters such as growth rate, feed 
efficiency, behavior, gut development, carcass characteristics, and meat quality on goats diets 
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based on bermudagrass hay supplemented with Lucerne hay cube or fermented bagasse feed. 
Their overall results suggest that treatments had some affect on carcass traits and sensory 
evaluation of the meat, with the meat of goats fed with bermudagrass hay supplemented with 
fermented bagasse feed diet presenting higher acceptability than Lucerne hay cube 
supplementation feed in flavor, aroma, and overall loin quality. 
The application of two forage-based diets from different roughage source, which were 
sugarcane bagasse and coastcross hay, with respect to changing the energy requirements of 
growing lambs were studied by Galvani et al. (2014), and the authors pointed out that 
consumption of concentrate-based diets from low-quality roughages as a primary source of 
forage for growing lambs may not increase the energy requirements. Antonio Filho et al. 
(2016) also conducted an experiment investigating the intake, and ingestive behavior of 
growing lambs fed with diets of fresh sugarcane with urea, dehydrated sugarcane bagasse 
treated with calcium oxide, and urea ammoniated sugarcane bagasse supplemented with a 
concentrate mixture in a ratio of 50:50. Since the authors found no significant difference in the 
number of feeding and rumination periods, their recommendation was that the feedlot lambs 
should be fed based on forage quality. 
Sacramento Ribeiro et al. (2017) evaluated spineless cactus combined with Tifton 85 
hay or sugarcane bagasse as a potential substitute of corn silage in sheep diets by analyzing 
sheep performance, body weight components, and meat quality. The diet treatments were corn 
silage + concentrate (CS), spineless cactus + Tifton 85 hay + concentrate (TH), and spineless 
cactus + sugarcane bagasse + concentrate (SB). Since the treatments did not affect 
performance, body weight components or quality of the sheep meat, and the authors suggested 
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that spineless cactus combined with sugarcane bagasse may be used as a corn silage 
replacement in sheep diets. 
The utilization of sugarcane bagasse in feed for growing rabbits was studied by Ferreira 
et al. (2017). The authors evaluated the use of dried or autoclaved sugarcane bagasse, enriched 
or non-enriched with vinasse, in diets for growing rabbits, and concluded that the application 
of sugarcane bagasse at a level of 100g/kg in the diet caused no adverse effects on the rabbit 
growth performance. 
Kheravii et al. (2017), using a wet litter challenge model, conducted an experiment to 
evaluate the effects of sugarcane bagasse and coarse particle size of corn on broiler 
performance, gizzard development, ileal microflora, litter quality, and bird welfare, and 
concluded that sugarcane bagasse improved the performance in older birds unrelated to to the 
dietary sodium (Na) level. Kheravii et al. (2018) also analyzed the addition of sugarcane 
bagasse (0% or 2%) and the inclusion of two different particle sizes of corn (3,576 µm or 1,113 
µm) on the digestibility coefficient of nutrients in broilers fed a 0.16% or a 0.40% Na diet. The 
results suggested that sugarcane bagasse and coarsely ground corn can be used broiler feed for 
improving nutrient digestibility and consequent nutrient utilization. 
Sugarcane bagasse as a component in dog food formulation was investigated by Monti 
et al. (2016), who concluded that, at high inclusion rate, the increased the electric energy 
required for extrusion may reduce starch cooking and result in the production of less expanded, 
denser and harder kibbles. 
 
Sugarcane bagasse in food application 
While there are many published studies related to the use of sugarcane bagasse in feed 
based application, just a few examples of sugarcane bagasse application to human consumption 
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can be found in the literature. Leang and Saw (2011) pointed out that if its proximate properties 
are known, sugarcane bagasse could be adequately used as an ingredient in food products. The 
authors stated that bagasse could be potentially incorporated into low-fat food with reduced 
calories values bevause of its low crude fat content; it can be used in fiber-rich food because 
of its high crude fiber content, and it can be successfully applied in baked products bevause of 
its high carbohydrate level. On the other hand, the utilization of sugarcane bagasse in food 
products as a source of mineral supplement would not be ideal and could cause protein 
deficiency because of its low ash content and its small percentage of crude protein. 
Gaonkar and Kulkarni (1989) analyzed the use of sugarcane bagasse into three high-
energy Indian foods (Rice chakalis, Nan-khatai (cookies), and Custard powder). The nan-
khatai were prepared using 0, 2.5, 5, 10, 15, and 20% bagasse fiber, while the rice chakalis and 
custard powder were prepared using 0, 2.5, 10, 15, and 20% bagasse fiber. Sugarcane bagasse 
was used for replacing rice flour in chakalis, corn flour in custard, and wheat flour in nan-
khatai, with results indicating that while all the products were well accepted at lower levels of 
sugarcane bagasse replacement, chakalis and custard with 20% of sugarcane bagasse 
replacement were poorly accepted. 
Sangeetha et al. (2011) in analyzing the influence of different concentrations (0, 5, 10, 
and 15%) of processed sugarcane bagasse on preparation of fiber-rich biscuits, observed that 
the biscuit texture was tough at 15% of sugarcane bagasse level. The taste scores indicated 
better acceptability at 5 and 10% bagasse levels, suggesting that acceptable high-fiber biscuits 
can be prepared by replacing wheat flour with steamed bagasse at a 10% level. 
Sugarcane bagasse was used by Baphiralang (2011) as a dietary fiber source 
incorporated into four products: chapati at 10% and 12.5% levels, chutney powder at 10%, 
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12.5%, and 15% levels, vermicelli upuma at 10%, 12.5%, 15%, and 17.5% levels, and masala 
biscuits at 15%, 17.5%, and 20% levels. With semi-trained panel members conducting the 
sensory evaluation, the chutney powder was found more acceptable among the products, with 
chutney powder with 12.5% of sugarcane bagasse achieving higher sensory scores than 
chutney powder with 10% and 15% of sugarcane bagasse. 
Sangnark and Noomhorm (2003) analyzed the effects with respect to physical and 
baking properties alkaline hydrogen peroxide-treated bagasse particle size in composite flour 
bread. Sugarcane bagasse was added to the dough in different ranges of particle sizes (≥0.3, 
0.3-0.15, 0.15-0.106, 0.106-0.075, <0.075 mm), and the results from sensory evaluation 
showed that the bread might be acceptable with addition of less than 0.075 mm and 0.106 mm 
particles of alkaline hydrogen peroxide-treated bagasse and Solka Floc© 900, because it did 
not affect bread quality with respect to color, aroma, grain, taste, texture, and overall 
preference. 
Sangnark and Noomhorm (2004) also conducted an experiment evaluating sugarcane 
bagasse as dietary fiber in dough and bread properties. They tested sugarcane bagasse treated 
with alkaline hydrogen peroxide as dietary fiber, and also tested commercial dietary fiber, 
Solka Floc© 900, in different concentrations of dietary fiber: 0, 5, 10 and 15 g/100 g of wheat 
flour mass. Three different levels of sucrose ester were tested, 0, 1, and 1.5 g/100g of wheat 
flour mass. In conducting sensitive evaluation on six bread treatment combinations, including 
5, 10, and 15 g/100 g of bagasse fiber and 1 and 1.5 g/100 g of sucrose ester in the wheat flour 
as well as a control sample, the authors observed that the acceptability decreased with the same 
trend as the texture score. While bread with a 5 g/100g substitution of treated sugarcane 
bagasse and a 5 g/100g substitution of Solka Floc© 900 at both levels of sucrose ester addition 
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achieved consumer acceptance, bread with 15 g/100 g of bagasse fiber at both levels of sucrose 
ester addition was not accepted by consumers. 
Physicochemical and sensory characteristics of extruded blends of corn starch, whey 
protein concentrate, and sugarcane bagasse added to yogurt in different proportions were 
studied by Verdalet-Guzmán et al. (2011). The authors tested yogurt formulations with 0%, 
25%, and 50% of extruded blends, and the results of sensory analysis related to taste, acidity, 
texture, and viscosity as attributes suggest that yogurt formulated with extruded blends were 
acceptable by the trained panelists. 
The function of alkaline hydrogen peroxide-treated sugarcane dietary fiber (SDF) as an 
additive in reduced-fat meat batters formulated was reported by Zhuang et al. (2016). Various 
contents of sugarcane dietary fiber (0%, 1%, 2%, and 3%) were analyzed with results showing 
that the physicochemical and microstructural characteristics of the products improved when 
the levels of sugarcane dietary fiber were increased, with meat batter formulated with 2% of 
sugarcane dietary fiber achieving higher scores related to general acceptability in the sensory 
evaluation. 
Kim et al. (2018) analyzed the efficiency of crude sugarcane bagasse fiber and alkaline-
treated sugarcane bagasse fiber at a 2% addition level on physicochemical and textural 
properties of meat emulsion at 5%, 10%, and 20% fat levels and reported that while the treated 
sugarcane increased acid detergent fiber content, it tends to decrease protein, fat, ash and other 
carbohydrate contents. They concluded generally that sugarcane bagasse fiber could 
potentially be used as a functional food ingredient in producing low-fat meat products. 
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Other applications of sugarcane bagasse 
Sugarcane bagasse is commonly used to generate electricity and steam in cogeneration 
systems, and the volatile prices of sugar and ethanol could stimulate the energy sales to the 
grid. Using high-pressure boiler technology, cogeneration is a strategic source of bioenergy, 
shown to be a significant and promising economic development in the Brazilian energy matrix, 
for example (Capio and Souza, 2017). 
There are some advantages to using the bagasse for producing electricity, such as its 
existing consolidated market, its potential for increases the supply of power during dry seasons, 
and its lower emission of greenhouse gases than that of conventional fossil-fuels generation 
(Hofsetz and Silva, 2012). Silva et al. (2014) agreed with this statement and added that energy 
production from sugarcane contributes positively to the environment due by giving its residue 
a true destiny, since otherwise sugarcane bagasse could cause a negative environmental impact. 
In addition to the utilization of sugarcane bagasse for cogeneration, it can be used in 
several other applications such as producing pulp and paper products, building materials, and 
second generation biofuels. The use of biomass can also be a potential resource for producing 
high-value chemicals. In general, organic acids, biodegradable plastics, and enzymes 
applications tend to create more value than electricity generation, animal feed, and fuel 
applications (Kiran et al., 2015). 
Sugarcane bagasse is regularly used as a source for paper and boards production, 
including an extensive variety of forms such as coarse brown papers, disposable cups and 
plates, and high-quality paper. Other possible products to be made from sugarcane bagasse are 
furfural (a selective solvent in the refining of specialty oils), xylitol (a non-carcinogenic 
sweetener), thermosetting and thermoplastic resins, and carboxymethyl cellulose (Clarke and 
Edye, 1996). 
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Al Arni et al. (2007) stated that sugarcane bagasse might be used as food additives, 
such as vanillin. The authors studied the solubilization of significant components (vanillin, 
syringic, ferulic, and p-coumaric acids) from sugarcane bagasse released by alkali treatments 
with NaOH, with results showing that sugarcane bagasse can be used to recover chemical 
products with antioxidant power, and that phenolics can be effectively released by alkaline 
treatment. 
Sugarcane bagasse can potentially be used to produce carboxymethylcellulose (CMC), 
which has extensive application to, for example, food, detergent, paint, paper, lubricants, 
adhesives, pharmaceutical, and cosmetic industries (Asl et al., 2017; Huang et al., 2017). 
Golbaghi et al. (2017) evaluated the utilization of steam explosion pretreatment and determined 
optimum conditions for producing carboxymethylcellulose and obtaining high-molecular-
mass hemicellulose as a coproduct. Several studies with a focus on the role of 
carboxymethylcellulose as dietary fiber in feed applications have been conducted. Shiau et al. 
(1988) observed the optimum level of carboxymethylcellulose incorporated into diets for 
growth and feed efficiency in tilapia. Van der Klis et al. (1993) reported the effects of 
carboxymethylcellulose on chicken performance by analyzing body weight gain, food, and 
water intake. The effects of carboxymethylcellulose incorporated into diets as binders of 
growth, feed efficiency, and digestive enzymes activity of fingerling Japanese flounder were 
studied by Yamamoto and Akiyama (1995). 
In food packaging, the application of natural polymers from sugarcane bagasse can 
contribute to the mitigation of environmental pollution and minimization of petroleum-based 
plastic materials production. The utilization of this biomass for the synthesis of polymer 
composites has been widely investigated due to its worldwide availability, with more than 100 
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countries annually harvesting sugarcane, its excellent mechanical properties for packaging 
manufacturing, and its contribution to development of green products related to its 
biodegradability properties (Gan and Chow, 2018). 
Cellulose nanocrystals (CNC) have been extracted from sugarcane bagasse using 
sulfuric acid hydrolysis and combined with polyvinyl alcohol/carboxymethylcellulose 
(PVA/CMC) to form a blended matrix for food packaging applications. The properties of such 
polymeric matrixes as bio-composite films were studied by El Achaby et al. (2017) who 
reported that the blended films had a positive effect on the properties analyzed, including 
tensile strength, and water vapor permeability. Similar results were found by Sukyai et al. 
(2018) when analyzing the properties of cellulose nanocrystals extracted from sugarcane 
bagasse incorporated with whey protein as a potential alternative product for use as food 
packaging material. 
In a study conducted by Lam et al. (2017), sugarcane bagasse was used to obtain 
cellulose nanocrystals applied as alternative biomaterials in tissue engineering. Cellulose 
nanocrystals were also incorporated with polyvinyl alcohol (PVA) in synthesis of tissue 
engineering scaffolds. The results show that polyvinyl alcohol with cellulosic nanocrystals was 
successfully obtained and some of the biocomposite’s characteristics such as pore size, the 
mechanical, swelling, and thermal behaviors were signifiantly improved through addition of 
cellulose nanocrystals. 
Loh et al. (2013) investigated various applications of sugarcane bagasse as components 
of composite materials and reported that sugarcane bagasse ash could partially replace cement 
in concrete manufacturing by acting as a pozzolanic additive, and it can be combined with 
tapioca starch for manufacturing disposable food packaging and forming a green composite. 
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Sugarcane bagasse was tested as a reinforcement fiber in a polymeric matrix, where it 
presented the homogeneous structure and high porosity that, because it allows sterilization, 
might be used in medical packaging. The utilization of sugarcane bagasse ash for producing 
ceramic and refractory products might be considered because it can withstand an operating 
temperature of 1600 oC without load. Sugarcane bagasse can also be used in bandages (Ong et 
al., 2018). 
One experiment was performed by Teixeira et al. (2014) to evaluate use of various 
levels (0, 25, 50, 75, and 100%) of sugarcane bagasse as a substitute for wood shavings in 
poultry litter. Five consecutive flocks were studied by analyzing the broiler performance, 
incidence of contact dermatitis, and quality of poultry litter. The authors stated that wood 
shaving could be substituted for sugarcane bagasse at a level of up to 75% to maintain the litter 
quality and to enhance productive poultry performance. 
Ong et al. (2018) reported studies demonstrating the potential use of sugarcane bagasse 
to produce activated, porous, and conducting carbon for use in supercapacitors that exhibited 
high electrochemical capacitance and recyclability of 90% after 100 charges/discharges cycles 
using a hydrothermal treatment before pyrolysis. The authors pointed out that Agarkar et al. 
(2016) had conducted an experiment in which a household low power microwave oven was 




The demand for biofuel for minimizing greenhouse gas emissions and reducing 
dependence on petroleum-based fuel has been increasing over the past few decades. The 
production cost of biofuel is the biggest challenge to ethanol production at a price competitive 
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with commercial gasoline or diesel. However some studies have demonstrated that the cost of 
this product is related to the feedstock prices and the scale of the ethanol plant. Several 
technologies and studies with various blends of ethanol and gasoline have been shown to 
achieve the desired response in terms of less less cost and environmental impacts. 
This work has described sugarcane bagasse utilization for both energy-related and non-
energy-related applications. In the context of general food applications, while sugarcane 
bagasse has been commonly used as a feed source for young bulls, lactating cows, beef cattle, 
goats, lambs, sheep, rabbits, and broilers, use of this feedstock for human food has been 
increasingly studied in terms of using its residue to produce value-added products.  
For food applications, sugarcane bagasse is considered a dietary fiber-rich coproduct 
of the sugar industry capable of being processed and used for food formulations, providing 
several health benefits related to anti-diabetic, anti-tumorigenic, and anti-atherosclerogenic 
effects. Other applications of this biomass residue pointed out include food packaging 




Aditiya, H. B., Mahlia, T. M. I., Chong, W. T., Nur, H., & Sebayang, A. H. (2016). Second 
generation bioethanol production: A critical review. Renewable and sustainable energy 
reviews, 66, 631-653. 
Agarkar, S., Yadav, P., Fernandes, R., Kothari, D., Suryawanshi, A., & Ogale, S. (2016). 
Minute-made activated porous carbon from agro-waste for Li-ion battery anode using 
a low power microwave oven. Electrochimica Acta, 212, 535-544. 
Al Arni, S., Zilli, M., & Converti, A. (2007). Solubilization of lignin components of food 
concern from sugarcane bagasse by alkaline hydrolysis disolución de componentes 
lignínicos de interés alimentario a partir de bagazo de caña de azúcar por hidrólisis 
alcalina. CYTA-Journal of Food, 5(4), 271-277. 
30 
Almeida, G. A. P., de Andrade Ferreira, M., de Lima Silva, J., Chagas, J. C. C., Véras, A. S. 
C., de Barros, L. J. A., & de Almeida, G. L. P. (2018). Sugarcane bagasse as exclusive 
roughage for dairy cows in smallholder livestock system. Asian-Australasian journal 
of animal sciences, 31(3), 379. 
Antônio Filho, E., Carvalho, G. G., Pires, A. J., Silva, R. R., Santos, P. E., Murta, R. M., ... & 
Santos, S. A. (2016). Intake and ingestive behavior in lambs fed low-digestibility 
forages. Tropical animal health and production, 48(7), 1315-1321. 
Arshad, M., & Ahmed, S. (2016). Cogeneration through bagasse: a renewable strategy to meet 
the future energy needs. Renewable and Sustainable Energy Reviews, 54, 732-737. 
Asl, S. A., Mousavi, M., & Labbafi, M. (2017). Synthesis and characterization of 
carboxymethyl cellulose from sugarcane bagasse. Journal of Food Processing and 
Technology, 8(8). 
Augusto, W. F., Ribeiro, G. M., Restle, J., Missio, R. L., Neiva, J. N. M., Miotto, F. R. C., & 
Rocha, H. P. S. L. (2017). Proportions of sugarcane and babassu mesocarp bran in diets 
for feedlot cattle. Revista Brasileira de Zootecnia, 46(8), 657-663. 
Azapagic, A. (1999). Life cycle assessment and its application to process selection, design and 
optimisation. Chemical engineering journal, 73(1), 1-21. 
Bansal, A., Illukpitiya, P., Tegegne, F., & Singh, S. P. (2016). Energy efficiency of ethanol 
production from cellulosic feedstock. Renewable and Sustainable Energy Reviews, 58, 
141-146. 
Baphiralang, W. (2011). Utilization of sugarcane bagasse fibre in functional food formulations 
(Doctoral dissertation, University of Agricultural Sciences GKVK, Bangalore). 
Baral, N. R., Wituszynski, D. M., Martin, J. F., & Shah, A. (2016). Sustainability assessment 
of cellulosic biorefinery stillage utilization methods using emergy 
analysis. Energy, 109, 13-28. 
Birur, D. K., Hertel, T. W., & Tyner, W. E. (2008). Impact of biofuel production on world 
agricultural markets: a computable general equilibrium analysis (No. 1237-2019-
213). 
Bracmort, K. The renewable fuel standard (RSF): In brief. Congressional Research Service 
(2015). Avaiable online: < https://fas.org/sgp/crs/misc/R43325.pdf> 
Carpio, L. G. T., & de Souza, F. S. (2017). Optimal allocation of sugarcane bagasse for 
producing bioelectricity and second generation ethanol in Brazil: scenarios of cost 
reductions. Renewable energy, 111, 771-780. 
Chatzifragkou, A., Prabhakumari, P. C., Kosik, O., Lovegrove, A., Shewry, P. R., & 
Charalampopoulos, D. (2016). Extractability and characteristics of proteins deriving 
from wheat DDGS. Food chemistry, 198, 12-19. 
31 
Chauhan, M. K., Chaudhary, S., & Kumar, S. (2011). Life cycle assessment of sugar industry: 
a review. Renewable and Sustainable Energy Reviews, 15(7), 3445-3453. 
Clarke, M. A., & Edye, L. A. (1996). Sugar beet and sugarcane as renewable resources. Sugar 
beet and sugarcane as renewable resources., 229-247. 
Czyrnek-Delêtre, M. M., Smyth, B. M., & Murphy, J. D. (2017). Beyond carbon and energy: 
The challenge in setting guidelines for life cycle assessment of biofuel 
systems. Renewable Energy, 105, 436-448. 
EIA – U.S. Energy Information Administration. (2018). January 2018. Monthly Energy 
Review. DOE/EIA-0035(2018/1). Accessed on 06 February 2018. 
<https://www.eia.gov/totalenergy/data/monthly/pdf/mer.pdf>  
El Achaby, M., El Miri, N., Aboulkas, A., Zahouily, M., Bilal, E., Barakat, A., & Solhy, A. 
(2017). Processing and properties of eco-friendly bio-nanocomposite films filled with 
cellulose nanocrystals from sugarcane bagasse. International journal of biological 
macromolecules, 96, 340-352. 
Escobar, J. C., Lora, E. S., Venturini, O. J., Yáñez, E. E., Castillo, E. F., & Almazan, O. (2009). 
Biofuels: environment, technology and food security. Renewable and sustainable 
energy reviews, 13(6-7), 1275-1287. 
FAO/OECD (2018), "OECD-FAO Agricultural Outlook (Edition 2017)", OECD Agriculture 
Statistics (database). Accessed on 21 February 2018. 
<http://dx.doi.org/10.1787/d9e81f72-en>  
Ferreira, F. N. A., Ferreira, W. M., Neta, C. S. S., da Silva Inácio, D. F., das Neves Mota, K. 
C., da Costa Júnior, M. B., ... & de Oliveira Fontes, D. (2017). Effect of dietary 
inclusion of dried or autoclaved sugarcane bagasse and vinasse on live performance 
and in vitro evaluations on growing rabbits. Animal feed science and technology, 230, 
87-95. 
Finnveden, G., & Moberg, Å. (2005). Environmental systems analysis tools–an 
overview. Journal of cleaner production, 13(12), 1165-1173. 
Fischer, M. M., Kessler, A. M., de Sá, L. R. M., Vasconcellos, R. S., Filho, F. R., Nogueira, S. 
P., ... & Carciofi, A. C. (2012). Fiber fermentability effects on energy and 
macronutrient digestibility, fecal traits, postprandial metabolite responses, and colon 
histology of overweight cats. Journal of animal science, 90(7), 2233-2245. 
Galvani, D. B., Pires, A. V., Susin, I., Gouv® a, V. N., Berndt, A., Chagas, L. J., ... & Tedeschi, 
L. O. (2014). Energy efficiency of growing ram lambs fed concentrate-based diets with 
different roughage sources. Journal of animal science, 92(1), 250-263. 
Gan, I., & Chow, W. S. (2018). Antimicrobial poly (lactic acid)/cellulose bionanocomposite 
for food packaging application: A review. Food packaging and shelf life, 17, 150-161. 
32 
Gandra, J. R., Miranda, G. A., Goes, R. H. T. B., Takiya, C. S., Del Valle, T. A., Oliveira, E. 
R., ... & Santos, A. L. A. V. (2017). Fibrolytic enzyme supplementation through 
ruminal bolus on eating behavior, nutrient digestibility and ruminal fermentation in 
Jersey heifers fed either corn silage-or sugarcane silage-based diets. Animal Feed 
Science and Technology, 231, 29-37. 
Gaonkar, S. M., Kulkarni, P.R. (1989). Technical note: Utilization of sugar-cane residues in 
foods. International Journal of Food Science and Technology, 24, 669-672. 
García, C. A., Manzini, F., & Islas, J. M. (2017). Sustainability assessment of ethanol 
production from two crops in Mexico. Renewable and Sustainable Energy Reviews, 72, 
1199-1207. 
García-Aparicio, M. P., Oliva, J. M., Manzanares, P., Ballesteros, M., Ballesteros, I., González, 
A., & Negro, M. J. (2011). Second-generation ethanol production from steam exploded 
barley straw by Kluyveromyces marxianus CECT 10875. Fuel, 90(4), 1624-1630. 
Gerbrandt, K., Chu, P. L., Simmonds, A., Mullins, K. A., MacLean, H. L., Griffin, W. M., & 
Saville, B. A. (2016). Life cycle assessment of lignocellulosic ethanol: a review of key 
factors and methods affecting calculated GHG emissions and energy use. Current 
opinion in biotechnology, 38, 63-70. 
Ghadikolaei, M. A. (2016). Effect of alcohol blend and fumigation on regulated and 
unregulated emissions of IC engines — A review. Renewable and Sustainable Energy 
Reviews, 57, 1440-1495. 
Gohin, A. (2016). Understanding the revised CARB estimates of the land use changes and 
greenhouse gas emissions induced by biofuels. Renewable and Sustainable Energy 
Reviews, 56, 402-412. 
Golbaghi, L., Khamforoush, M., & Hatami, T. (2017). Carboxymethyl cellulose production 
from sugarcane bagasse with steam explosion pulping: Experimental, modeling, and 
optimization. Carbohydrate polymers, 174, 780-788. 
Gunun, N., Wanapat, M., Gunun, P., Cherdthong, A., Khejornsart, P., & Kang, S. (2016). 
Effect of treating sugarcane bagasse with urea and calcium hydroxide on feed intake, 
digestibility, and rumen fermentation in beef cattle. Tropical animal health and 
production, 48(6), 1123-1128. 
Gwak, I. S., Hwang, J. H., Sohn, J. M., & Lee, S. H. (2017). Economic evaluation of domestic 
biowaste to ethanol via a fluidized bed gasifier. Journal of industrial and engineering 
chemistry, 47, 391-398. 
Hahn-Hägerdal, B., Wahlbom, C. F., Gárdonyi, M., van Zyl, W. H., Otero, R. R. C., & Jönsson, 
L. J. (2001). Metabolic engineering of Saccharomyces cerevisiae for xylose utilization. 
In Metabolic engineering (pp. 53-84). Springer, Berlin, Heidelberg. 
33 
Hamelinck, C. N., & Faaij, A. P. (2006). Outlook for advanced biofuels. Energy 
Policy, 34(17), 3268-3283. 
Hofsetz, K., & Silva, M. A. (2012). Brazilian sugarcane bagasse: energy and non-energy 
consumption. Biomass and Bioenergy, 46, 564-573. 
Huang, C. M., CHIA, P., Lim, C. S., NAI, J., Ding, D. Y., SEOW, P., ... & Chan, E. W. (2017). 
Synthesis and characterisation of carboxymethyl cellulose from various agricultural 
wastes. Cellulose chemistry and technology, 51(7-8), 665-672. 
Inacio, J. G., Ferreira, M. D. A., Silva, R. C., Silva, J. D. L., Oliveira, J. C. V. D., Santos, D. 
C. D., ... & Campos, J. M. D. S. (2017). Sugarcane bagasse as exclusive roughage for 
dairy heifers. Revista Brasileira de Zootecnia, 46(1), 80-84. 
Karkle, E. L., Alavi, S., & Dogan, H. (2012). Cellular architecture and its relationship with 
mechanical properties in expanded extrudates containing apple pomace. Food research 
international, 46(1), 10-21. 
Kawauchi, I. M., Sakomura, N. K., Vasconcellos, R. S., De-Oliveira, L. D., Gomes, M. O. S., 
Loureiro, B. A., & Carciofi, A. C. (2011). Digestibility and metabolizable energy of 
maize gluten feed for dogs as measured by two different techniques. Animal feed 
science and technology, 169(1-2), 96-103. 
Kheravii, S. K., Swick, R. A., Choct, M., & Wu, S. B. (2017). Dietary sugarcane bagasse and 
coarse particle size of corn are beneficial to performance and gizzard development in 
broilers fed normal and high sodium diets. Poultry science, 96(11), 4006-4016. 
Kheravii, S. K., Swick, R. A., Choct, M., & Wu, S. B. (2018). Nutrient digestibility response 
to sugarcane bagasse addition and corn particle size in normal and high Na diets for 
broilers. Poultry science, 97(4), 1170-1176. 
Kim, H. W., Setyabrata, D., Lee, Y. J., & Kim, Y. H. B. (2018). Efficacy of Alkali-treated 
Sugarcane Fiber for Improving Physicochemical and Textural Properties of Meat 
Emulsions with Different Fat Levels. Korean journal for food science of animal 
resources, 38(2), 315. 
Kim, S., & Dale, B. E. (2005). Life cycle assessment of various cropping systems utilized for 
producing biofuels: Bioethanol and biodiesel. Biomass and Bioenergy, 29(6), 426-439. 
Klopfenstein, T. J., Erickson, G. E., & Bremer, V. R. (2008). BOARD-INVITED REVIEW: 
Use of distillers by-products in the beef cattle feeding industry1. Journal of animal 
science, 86(5), 1223-1231. 
Krylova, A. Y., Kozyukov, E. A., & Lapidus, A. L. (2008). Ethanol and diesel fuel from plant 
raw materials: a review. Solid Fuel Chemistry, 42(6), 358-364. 
Kuhad, R. C., & Singh, A. (2007). Lignocellulose biotechnology: future prospects. IK 
International Pvt Ltd. 
34 
Kumneadklang, S., Larpkiattaworn, S., Niyasom, C., & Sompong, O. (2015). Bioethanol 
production from oil palm frond by simultaneous saccharification and 
fermentation. Energy Procedia, 79, 784-790. 
Lam, N. T., Chollakup, R., Smitthipong, W., Nimchua, T., & Sukyai, P. (2017). Utilizing 
cellulose from sugarcane bagasse mixed with poly (vinyl alcohol) for tissue 
engineering scaffold fabrication. Industrial crops and products, 100, 183-197. 
Lazarevic, D., & Martin, M. (2016). Life cycle assessments, carbon footprints and carbon 
visions: Analysing environmental systems analyses of transportation biofuels in 
Sweden. Journal of Cleaner Production, 137, 249-257. 
Leang, Y. H., & Saw, H. Y. (2011). Proximate and functional properties of sugarcane 
bagasse. Agro Food Industry Hi Tech, 22(2), 5. 
Leme, P. R., Silva, S. D. L., Pereira, A. S. C., Putrino, S. M., Lanna, D. P. D., & Nogueira 
Filho, J. C. M. (2003). Utilização do bagaço de cana-de-açúcar em dietas com elevada 
proporção de concentrados para novilhos Nelore em confinamento. Revista Brasileira 
de Zootecnia, 32(6), 1786-1791. 
Loh, Y. R., Sujan, D., Rahman, M. E., & Das, C. A. (2013). Sugarcane bagasse—The future 
composite material: A literature review. Resources, Conservation and Recycling, 75, 
14-22. 
Maity, J. P., Hou, C. P., Majumder, D., Bundschuh, J., Kulp, T. R., Chen, C. Y., ... & Chen, C. 
C. (2014). The production of biofuel and bioelectricity associated with wastewater 
treatment by green algae. Energy, 78, 94-103. 
Mandegari, M. A., Farzad, S., & Görgens, J. F. (2017). Economic and environmental 
assessment of cellulosic ethanol production scenarios annexed to a typical sugar 
mill. Bioresource technology, 224, 314-326. 
Mayer, F. D., Brondani, M., Hoffmann, R., Feris, L. A., Marcilio, N. R., & Baldo, V. (2016). 
Small-scale production of hydrous ethanol fuel: Economic and environmental 
assessment. Biomass and Bioenergy, 93, 168-179. 
McAuliffe, G. A., Chapman, D. V., & Sage, C. L. (2016). A thematic review of life cycle 
assessment (LCA) applied to pig production. Environmental Impact Assessment 
Review, 56, 12-22. 
Melamu, R., & Von Blottnitz, H. (2011). 2nd Generation biofuels a sure bet? A life cycle 
assessment of how things could go wrong. Journal of Cleaner Production, 19(2-3), 
138-144. 
Menten, F., Chèze, B., Patouillard, L., & Bouvart, F. (2013). A review of LCA greenhouse gas 
emissions results for advanced biofuels: the use of meta-regression 
analysis. Renewable and Sustainable Energy Reviews, 26, 108-134. 
35 
Mokomele, T., da Costa Sousa, L., Bals, B., Balan, V., Goosen, N., Dale, B. E., & Görgens, J. 
F. (2018). Using steam explosion or AFEX™ to produce animal feeds and biofuel 
feedstocks in a biorefinery based on sugarcane residues. Biofuels, Bioproducts and 
Biorefining, 12(6), 978-996. 
Monti, M., Gibson, M., Loureiro, B. A., Sá, F. C., Putarov, T. C., Villaverde, C., ... & Carciofi, 
A. C. (2016). Influence of dietary fiber on macrostructure and processing traits of 
extruded dog foods. Animal Feed Science and Technology, 220, 93-102. 
Morales, M., Quintero, J., Conejeros, R., & Aroca, G. (2015). Life cycle assessment of 
lignocellulosic bioethanol: environmental impacts and energy balance. Renewable and 
Sustainable Energy Reviews, 42, 1349-1361. 
Ong, K. L., Kaur, G., Pensupa, N., Uisan, K., & Lin, C. S. K. (2017). Trends in food waste 
valorization for the production of chemicals, materials and fuels: Case study South and 
Southeast Asia. Bioresource technology. 
Patel, M., Zhang, X., & Kumar, A. (2016). Techno-economic and life cycle assessment on 
lignocellulosic biomass thermochemical conversion technologies: A 
review. Renewable and Sustainable Energy Reviews, 53, 1486-1499. 
Paturau, J. M. (1987). Alternative uses op sugarcane and its byproducts in agroindustries. 
Pawelzik, P. F., & Zhang, Q. (2012). Evaluation of environmental impacts of cellulosic ethanol 
using life cycle assessment with technological advances over time. Biomass and 
bioenergy, 40, 162-173. 
Pehlivan, E., Tran, H. T., Ouédraogo, W. K. I., Schmidt, C., Zachmann, D., & Bahadir, M. 
(2013). Sugarcane bagasse treated with hydrous ferric oxide as a potential adsorbent 
for the removal of As (V) from aqueous solutions. Food Chemistry, 138(1), 133-138. 
Pourbafrani, M., McKechnie, J., Shen, T., Saville, B. A., & MacLean, H. L. (2014). Impacts 
of pre-treatment technologies and co-products on greenhouse gas emissions and energy 
use of lignocellulosic ethanol production. Journal of cleaner production, 78, 104-111. 
Purnima, P., & Jayanti, S. (2016). A high-efficiency, auto-thermal system for on-board 
hydrogen production for low temperature PEM fuel cells using dual reforming of 
ethanol. International Journal of Hydrogen Energy, 41(31), 13800-13810. 
Rabelo, M. M. A., Pires, A. V., Susin, I., Mendes, C. Q., Oliveira Jr, R. C., Gentil, R. S., & 
Ferreira, E. M. (2008). Avaliação do efeito do bagaço de cana-de-açúcar in natura 
obtido por dois métodos sobre o desempenho e o comportamento ingestivo de bovinos 
de corte. Arquivo Brasileiro de Medicina Veterinária e Zootecnia, 60(3), 698-704. 
Ramli, M. N., Higashi, M., Imura, Y., Takayama, K., & Nakanishi, Y. (2005). Growth, feed 
efficiency, behaviour, carcass characteristics and meat quality of goats fed fermented 
bagasse feed. Asian australasian journal of animal sciences, 18(11), 1594. 
36 
Rezende, C. A., de Lima, M. A., Maziero, P., Ribeiro deAzevedo, E., Garcia, W., & 
Polikarpov, I. (2011). Chemical and morphological characterization of sugarcane 
bagasse submitted to a delignification process for enhanced enzymatic 
digestibility. Biotechnology for biofuels, 4(1), 54. 
RFA – Renewable Fuels Association (2017). Building partnerships. Growing markets. 2017 
Ethanol Industry Outlook.  
RFA – Renewable Fuels Association (2018). Ethanol Strong. 2018 Ethanol Industry Outlook.  
Ribeiro, A. F., Messana, J. D., José Neto, A., Fiorentini, G., & Berchielli, T. T. (2016). Fatty 
acid profile, meat quality, and carcass traits of Nellore young bulls fed different sources 
of forage in high-concentrate diets with crude glycerin. Revista Brasileira de 
Zootecnia, 45(4), 165-173. 
Rocha, M. H., Capaz, R. S., Lora, E. E. S., Nogueira, L. A. H., Leme, M. M. V., Renó, M. L. 
G., & del Olmo, O. A. (2014). Life cycle assessment (LCA) for biofuels in Brazilian 
conditions: a meta-analysis. Renewable and Sustainable Energy Reviews, 37, 435-459. 
Romao, C. O., Carvalho, G. G. P., Tosto, M. S. L., Santos, S. A., Pires, A. J. V., Maranhão, C. 
M. A., ... & Oliveira, P. A. (2017). Nutritional profiles of three genotypes of sugarcane 
silage associated with calcium oxide. Grassland Science. 
Rosentrater, K. A. (2015). Production and Use of Evolving Corn-Based Fuel Ethanol 
Coproducts in the US. In Biofuels-Status and Perspective. InTech. 
Rosentrater, K. A., & Muthukumarappan, K. (2006). Corn ethanol coproducts: generation, 
properties, and future prospects. International Sugar Journal, 108(1295), 648-657. 
Roy, P., Tokuyasu, K., Orikasa, T., Nakamura, N., & Shiina, T. (2012). A review of life cycle 
assessment (LCA) of bioethanol from lignocellulosic biomass. Japan Agricultural 
Research Quarterly: JARQ, 46(1), 41-57. 
Sacramento Ribeiro, J., Santos, L. L., de Lima Júnior, D. M., de Albuquerque Mariz, T. M., 
Ladeira, M. M., de Azevedo, P. S., ... & dos Santos Silva, M. J. M. (2017). Spineless 
cactus associated with Tifton hay or sugarcane bagasse may replace corn silage in sheep 
diets. Tropical animal health and production, 49(5), 995-1000. 
Sanchez, O. J., & Cardona, C. A. (2008). Trends in biotechnological production of fuel ethanol 
from different feedstocks. Bioresource technology, 99(13), 5270-5295. 
Sangeetha, A. V., Mahadevamma, S., Begum, K., & Sudha, M. L. (2011). Influence of 
processed sugarcane bagasse on the microbial, nutritional, rheological and quality 
characteristics of biscuits. International journal of food sciences and nutrition, 62(5), 
457-464. 
Sangnark, A., & Noomhorm, A. (2003). Effect of particle sizes on functional properties of 
dietary fibre prepared from sugarcane bagasse. Food chemistry, 80(2), 221-229. 
37 
Sangnark, A., & Noomhorm, A. (2004). Effect of dietary fiber from sugarcane bagasse and 
sucrose ester on dough and bread properties. LWT-Food Science and 
Technology, 37(7), 697-704. 
Saraiva, C. A. S., Gonzaga Neto, S., Queiroz, M. F. S., Henriques, L. T., Saraiva, E. P., 
Albuquerque, R. P. D. F., ... & Nascimento, G. V. D. (2014). Forage cactus associated 
with different fiber sources for lactating Sindhi cows: intake, digestibility and microbial 
protein production. Revista Brasileira de Zootecnia, 43(10), 530-536. 
Saraiva, C. A. S., Gonzaga Neto, S., Henriques, L. T., Queiroz, M. F. S., Saraiva, E. P., 
Albuquerque, R. P. D. F., ... & Nascimento, G. V. D. (2015). Forage cactus associated 
with different fiber sources for lactating Sindhi cows: production and composition of 
milk and ingestive behavior. Revista Brasileira de Zootecnia, 44(2), 60-66. 
Schnepf, R., & Yacobucci, B. D. (2010, July). Renewable Fuel Standard (RFS): overview and 
issues. In CRS Report for Congress (No. R40155). 
Seghetta, M., Hou, X., Bastianoni, S., Bjerre, A. B., & Thomsen, M. (2016). Life cycle 
assessment of macroalgal biorefinery for the production of ethanol, proteins and 
fertilizers–a step towards a regenerative bioeconomy. Journal of cleaner 
production, 137, 1158-1169. 
Shiau, S. Y., Yu, H. L., Hwa, S., Chen, S. Y., & Hsu, S. I. (1988). The influence of 
carboxymethylcellulose on growth, digestion, gastric emptying time and body 
composition of tilapia. Aquaculture, 70(4), 345-354. 
Shukla, R., & Cheryan, M. (2001). Zein: the industrial protein from corn. Industrial crops and 
products, 13(3), 171-192. 
Silva, D. A. L., Delai, I., Montes, M. L. D., & Ometto, A. R. (2014). Life cycle assessment of 
the sugarcane bagasse electricity generation in Brazil. Renewable and Sustainable 
Energy Reviews, 32, 532-547. 
Soam, S., Kapoor, M., Kumar, R., Borjesson, P., Gupta, R. P., & Tuli, D. K. (2016). Global 
warming potential and energy analysis of second generation ethanol production from 
rice straw in India. Applied energy, 184, 353-364. 
Sobrino, F. H., Monroy, C. R., & Pérez, J. L. H. (2011). Biofuels and fossil fuels: Life Cycle 
Analysis (LCA) optimisation through productive resources maximisation. Renewable 
and Sustainable Energy Reviews, 15(6), 2621-2628. 
Souza, S. P., Pacca, S., De Avila, M. T., & Borges, J. L. B. (2010). Greenhouse gas emissions 
and energy balance of palm oil biofuel. Renewable Energy, 35(11), 2552-2561. 
Srimachai, T., Nuithitikul, K., Sompong, O., Kongjan, P., & Panpong, K. (2015). Optimization 
and Kinetic Modeling of Ethanol Production from Oil Palm Frond Juice in Batch 
Fermentation. Energy Procedia, 79, 111-118. 
38 
Sukyai, P., Anongjanya, P., Bunyahwuthakul, N., Kongsin, K., Harnkarnsujarit, N., Sukatta, 
U., ... & Chollakup, R. (2018). Effect of cellulose nanocrystals from sugarcane bagasse 
on whey protein isolate-based films. Food Research International, 107, 528-535. 
Teixeira, A. S., de Oliveira, M. C., Menezes, J. F., Gouvea, B. M., Teixeira, S. R., & Gomes, 
A. R. (2015). Poultry litter of wood shavings and/or sugarcane bagasse: animal 
performance and bed quality. Revista Colombiana de Ciencias Pecuarias, 28(3), 238-
246. 
Tiffany, D. G., Morey, R. V., & De Kam, M. J. (2009). Economics of biomass 
gasification/combustion at fuel ethanol plants. Applied engineering in 
agriculture, 25(3), 391-400. 
Van der Klis, J. D., Van Voorst, A., & Van Cruyningen, C. (1993). Effect of a soluble 
polysaccharide (carboxy methyl cellulose) on the physico-chemical conditions in the 
gastrointestinal tract of broilers. British Poultry Science, 34(5), 971-983. 
Verdalet-Guzmán, I., Viveros-Contreras, R., Amaya-Llano, S. L., & Martínez-Bustos, F. 
(2011). Effects of extruded sugar bagasse blend on yogurt quality. Food and bioprocess 
technology, 4(1), 155-160. 
Vohra, M., Manwar, J., Manmode, R., Padgilwar, S., & Patil, S. (2014). Bioethanol production: 
feedstock and current technologies. Journal of Environmental Chemical 
Engineering, 2(1), 573-584. Wahlang, B., Nath, K., Ravindra, U., Chandu, R., & 
Vijayalaxmi, K. (2012, September). Processing and utilization of sugarcane bagasse 
for functional food formulations. In Proceedings of the International Conference and 
Exhibition on Food Processing and Technology (pp. 106-112). 
Wood, C., Rosentrater, K. A., & Muthukumarappan, K. (2014). Techno-economic modeling 
of a corn based ethanol plant in 2011/2012. Industrial Crops and Products, 56, 145-
155. 
Yamamoto, T., & Akiyama, T. (1995). Effect of carboxymethylcellulose α-starch, and wheat 
gluten incorporated in diets as binders on growth, feed efficiency, and digestive enzyme 
activity of fingerling Japanese flounder. Fisheries science, 61(2), 309-313. 
Yang, M., & Rosentrater, K. A. (2015). Techno-economic analysis (TEA) of low-moisture 
anhydrous ammonia (LMAA) pretreatment method for corn stover. Industrial Crops 
and Products, 76, 55-61. 
Zabed, H., Faruq, G., Sahu, J. N., Azirun, M. S., Hashim, R., & Nasrulhaq Boyce, A. (2014). 
Bioethanol production from fermentable sugar juice. The Scientific World 
Journal, 2014. 
Zakaria, Z., Kamarudin, S. K., & Timmiati, S. N. (2016). Membranes for direct ethanol fuel 
cells: an overview. Applied Energy, 163, 334-342. 
39 
Zhang, B., & Sarathy, S. M. (2016). Lifecycle optimized ethanol-gasoline blends for 
turbocharged engines. Applied Energy, 181, 38-53. 
Zhuang, X., Han, M., Kang, Z. L., Wang, K., Bai, Y., Xu, X. L., & Zhou, G. H. (2016). Effects 
of the sugarcane dietary fiber and pre-emulsified sesame oil on low-fat meat batter 








Figure 1.1. Renewable energy consumption (1949 – 2016). The y-axis is in units of 1015 BTU 
and x-axis is in units of Year (EIA, 2018).  
 
 
Figure 1.2. Fossil fuels consumption compared with other resources (1949 – 2016). The y-axis 
is in units of 1015 BTU and x-axis is in units of Year (EIA, 2018).  
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Figure 1.3. Ethanol production (2000 – 2026) based upon (FAO/OECD, 2018) 
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CHAPTER 2.    OBJECTIVES  
The global use of renewable energy is expected to expand over the coming decades, 
and studies have shown that biomass energy is a leading of this trend. Therefore, research 
related to the production of ethanol and coproducts in different aspects should be done to 
supply the existing lacks in the literature. This dissertation will comprehend several studies 
aiming for the feasibility of some processes among the ethanol production chain. 
 
Studies covered in the dissertation 
Study 01: Effect of storage conditions on distillers dried grains with solubles (DDGS) 
quality 
Besides renewable fuels, corn-based ethanol plants produce coproducts that are used as 
animal feed because of its characteristics, such as high protein and fiber content (Srinivasan et 
al., 2009). A significant amount of coproducts are produced, considering that approximately 
one-third (33%) of each bushel of corn that is processed by the ethanol plant is converted into 
the animal feed which contributes additional revenue to ethanol plants (RFA, 2012). The 
United States is not only the largest producer and exporter of grain-based ethanol in the world 
but also the largest producer and exporter of distillers’ grains with solubles (DGS), with 85% 
share of the market. Typically, the DGS is commercialized in a dried form known as distillers’ 
dried grains with solubles (DDGS), which causes a significant impact on the market. In 2016, 
the U.S. produced 37.8x106 metric tons and exported 10.3x106 metric tons of DDGS (Beckman 
and Nigatu, 2017). However, concerns related to the nutritional components have been pointed 
out by the feed industry due to the expanded use of DDGS in the corn and soybean meal in the 
U.S. feed market (Hoffman and Baker, 2011). Therefore, this study aims to investigate if the 
storage time, storage temperature, and particle size can potentially affect the properties, such 
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as protein, moisture, pH, lactic acid, acetic acid, butyric acid, propionic acid, ethanol, ammonia 
as %C.P., solubility, fat, and color, in corn DDGS. 
(Ho: The storage time, storage temperature, and particle size affect the quality of the 
DDGS). 
Study 02: Environmental and economic analysis of flocculation technology applied to a 
corn-based ethanol plant 
The stimulation of renewable fuels production is related to the environmental issues 
caused by the exploration and utilization of fossil fuels. Nowadays, among many sources of 
alternative energy, biomass is considered the most used renewable source for producing fuels 
as energy, highlighting that the corn-based ethanol production is the leader of this sector (EIA, 
2018). Even though the ethanol production promises to mitigate the environmental impacts, as 
the reduction of carbon dioxide emissions, it generates large volumes of wastewater presenting 
high concentrations of organic material (CODcr > 30,000 mg/L) and low pH (3.5 – 4.5), 
revealing serious environmental concern. Many methods have been studied for the treatment 
of distillery wastewater, and one of the common methods applied in the corn-based ethanol 
plants is the Dry Distilled Grain Soluble (DDGS) process, which consists in separate the liquid 
and the solid fraction, where the liquid fraction is processed through an evaporator and, 
concentrater and mixed with the solid fraction for producing the DDGS, however the main 
disadvantage of this process is the high energy consumption (Zhang et al., 2009). Several 
methods are often costly and not environmentally safe, and to minimize these problems, the 
flocculation process can be applied as a potential process due to the use of bioflocculants, 
which are harmless, and due to the less energy consumption. (Buthelezi et al., 2012). 
Therefore, the main goal of this research is to analyze the economic feasibility of using 
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flocculation technology in substitution of evaporation process in a corn-based ethanol plant by 
analyzing the Life Cycle Assessment (LCA) and Techno-Economic Analysis (TEA). 
Study 03: Biomass characterization with focus on corn stover and sugarcane bagasse 
for bioenergy production 
Several biomasses can be used as raw material for ethanol production. Biomasses are 
usually classified as sugar crops, starchy crops, and lignocellulosic biomass, where the main 
composition of these biomasses can be quite different from one another (Zabed et al., 2016). 
Hence, the biomass properties have a strong influence in the chosen method for the best energy 
conversion process to convert the raw material into biofuel (Nizamuddin et al., 2017). 
Considering that for lignocellulosic biomass many factors can affect the efficiency of ethanol 
conversion, where several pretreatments can be used to improve the yield of fermentable sugars 
to maximize the effectiveness of ethanol production (Lemons e Silva et al., 2015). Therefore, 
the objective of this study is to determine the proximate analysis, and to predict the ultimate 
analysis of sugarcane bagasse and corn stover (leaves, stalks, cobs, and raw material). 
Study 04: Environmental and economic analysis of Low-Moisture Anhydrous Ammonia 
(LMAA) as a pretreatment for cellulosic ethanol production 
The significant energy demand by the general population and industrialization are the 
leading causes of studying efficiency maximization related to the utilization of several energy 
sources, because of the inability of conventional crops to supply global bioethanol demand 
because of their fundamental value as food and feed (Sarkar et al. 2012). In this context, the 
utilization of biomass as an energy source plays an important role in minimizing toxic gases 
from combustion of fossil fuels, and properly managing agricultural waste, for example (Ullah 
et al., 2014). Nevertheless, the high cost of lignocellulose conversion to ethanol is significant, 
and cellulosic ethanol production cost may be reduced by consolidation of a technology that 
provides both high efficiency and production capacity (Lynd et al., 2017). Low-moisture 
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anhydrous ammonia (LMAA) pretreatment has been investigated by some researchers as an 
efficient ethanol production process that can break down lignocellulosic structures before 
fermentation, making it readily capable of delignification, swelling, and preservation of its 
polysaccharides (Yoo et al., 2011; Yoo et al., 2014; Yasuda et al., 2014; Cheng et al., 2016; 
Yang and Rosentrater, 2017; Cayetano and Kim, 2017). The main goal of this study was 
therefore to simulate and evaluate the economic feasibility of using LMAA pretreatment for 
five different scenarios: 1000 tonne (t) of feedstock per day, 2000 t/d, 3000 t/d, 5000 t/d, and 
10000 t/d, for ethanol production from sugarcane bagasse, by conducting Life Cycle 
Assessment (LCA) and Techno-Economic Analysis (TEA). 
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CHAPTER 3.    EFFECT OF STORAGE CONDITIONS ON DDGS QUALITY 
Abstract 
Corn-based ethanol plants produce distillers grains with solubles (DGS), as coproducts, and 
these are generally commercialized in a dried form known as distillers dried grains with 
solubles (DDGS). Studies have proven that DDGS contains approximately three times higher 
concentrations of protein, fat, fiber, and phosphorous than corn, and DDGS are commonly 
used as feed ingredients. The United States is considered the largest producer and exporter of 
grain-based ethanol and DDGS in the world, responsible for 85% of the market. While 
concerns related to nutritional components have been raised, many studies have been 
conducted to analyze the influence of DDGS concentration in animal diets for poultry, fish, 
cattle, and swine, for example. However, very little work has examined nutrient changes over 
time while the DDGS resides in storage. Therefore, the goal of this study was to investigate 
the effects of storage time (0, 1, 2, 4, 12, 37, and 51 months), storage temperature (4, 12, and 
25 oC), and particle size (500 and 721 µm) on corn DDGS nutrients. Results suggested that 
particle size, storage time, and storage temperature do affect chemical and nutritional 
properties in corn DDGS, and strong correlations among some properties were observed. 
Keywords: corn-based ethanol, distillers’ grains, protein content, quality. 
 
Introduction 
Distillers Dried Grains with Solubles (DDGS) is a coproduct originating from the dry-
grind distillation process used by beverage alcohol plants or grain-based fuel-ethanol plants 
(Chatzifragkou et al., 2016). This coproduct is obtained from the fermentation residues 
remaining after distillation and cryodrying processes, after starch has been converted into ethyl 
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alcohol and CO2 during the grain-fermentation process (Wang et al., 2017). DDGS can be 
derived from various cereal grains, typically composed of 60%-70% starch and 30%-40% non–
starch components (protein, fiber, and oil) (Singh et al., 2002). Among many cereal grains, in 
the US corn is the dominant material for ethanol production and consequently for DDGS 
production (Cheng et al., 2014). 
The large amount of DDGS produced at relatively lower cost may be an alternative to 
conventional feed ingredients (Silva et al., 2016). Rosentrater (2005) claimed that because of  
its high nutrient levels, feeding animals with DDGS could be a feasible method for the use of 
nonfermentable residues. Klopfenstein et al. (2008) pointed out that DDGS has a higher protein 
content than corn and it has been long marketed as an unconventional protein and nutrient 
source for livestock diets. DDGS is not only an excellent protein source but also can be used 
to improve palatability and nutrient balance of animal feed rations (Ganesan et al., 2008a). 
Srinivasan et al. (2006) stated that DDGS production, that would increase in synchronism with 
ethanol production, might meet the need to find a new application of DDGS in innovative 
products. The separation of DDGS into high protein and high fiber fractions could positively 
impact the final use of DDGS, with the use of the high protein fraction for animal feed and the 
high fiber fraction as a source for phytosterols and corn fiber gum (Garcia and Rosentrater, 
2012). 
Several studies with focusing on the composition and the nutritional value of DDGS 
have been published. Kim et al. (2010), in analyzing the compositional variability of corn 
DDGS collected from four different ethanol plants, found crude protein variability between 
28.0% and 31.1% (w/w). Belyea et al. (2004), studying corn and DDGS composition, found 
that the average crude protein in corn was 9.10 (g/100 g dry matter), while for DDGS the 
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protein content was 31.3 (g/100 g dry matter). Salim et al. (2010) investigated the chemical 
composition of US corn found its crude protein to be 27.15%. 
The commercialization of DDGS may be affected by inconsistencies in its physical and 
nutritional properties. Optimal storage conditions must also be considered in order to conserve 
the DDGS in good conditions related to handling operations and transportation, as well as to 
avoid caking/bridging of granular materials caused by physical and chemical properties such 
as moisture content, particle size, storage time, and temperature (Ganesan et al., 2008b). 
Therefore, the goal of this study was to investigate how the independent variables 
including storage time, storage temperature, and particle size can potentially affect some 
chemical and nutritional properties, such as moisture content, pH, acetic acid, lactic acid, 
propionic acid, butyric acid, ethanol, crude protein, solubility, ammonia as %C.P, fat content, 
and color, when DDGS is an animal feed component, and whether interactions among these 
independent variables affect the DDGS nutrients analyzed. 
 
Materials and Methods 
 Since storage conditions are crucial to maintaining high quality of a product to be 
commercialized, it is important to determine the DDGS physical and chemical properties that 
play an important role on its storage and flow behavior and impact the logistics and market 
price of the product (Ganesan et al., 2008a). 
 Corn DDGS of particle size 721 micrometers (µm) were obtained from a commercial 
ethanol processing facility located in South Dakota and as received at room temperature (24 ± 
1oC) in sealed plastic buckets. One portion of the DDGS was ground using a laboratory scale 
grinder (Glenurus, Cliffon, NJ, USA), resulting in a particle size of 500 µm, following physical 
and nutritional properties were investigated for each portion of the two different particle sizes. 
52 
 DDGS samples of each particle size were randomly selected and stored in sealed plastic 
buckets in cold rooms at three controlled temperatures (4, 12, and 25oC). Moisture content (% 
d.b. – dry basis), pH, acetic acid (% d.b.), propionic acid (% d.b.), butyric acid (% d.b.), lactic 
acid (% d.b.), ethanol content (% d.b.), crude protein (% d.b.), ammonium-N as crude protein 
(% d.b.), ammonium-N of crude protein (% d.b.), total acid (% d.b.), lactic acid of total acids 
(% d.b.), protein solubility (% d.b.), fat (% d.b.), and color (Hunter L, Hunter a, and Hunter b) 
were investigated for seven different storage times (0, 1, 2, 4, 12, 37, and 51 months), with 3 
replicates for each treatment, except there only two replicates of samples with zero storage 
time, resulting in a total of 123 observations of each of the physical and nutritional properties 
studied. 
 All tests of the physical and nutritional properties of DDGS were conducted by 
DAIRYLAND Laboratories, Inc., following standard methods for animal feed. Moisture 
content for each treatment was determined using a forced-convection laboratory oven set at 
103 oC for 72h (ASAE, 2001). pH was measured following the Analytical Methods Guide, 
Orion Research, May 1977, so before each pH measurement the pH meter was calibrated and 
its electrode rinsed with distilled water and dried with wipes. Volatile fatty acids (acetic acid, 
propionic acid, and butyric acid), lactic acids, and ethanol were determined according to 
methods used by Canale et al. (1984) and modified by Dr. Richard Muck, U.S. Dairy Forage 
Research Center, Madison, WI. 
Protein (crude) was determined using the combustion method (AOAC Official Method 
990.03, 1995), while ammonium-N was measured by distillation (Peters et al., 2003), modified 
by using Kjelsorb reagent. Protein solubility was determined by collecting residue on Whatman 
paper before analysis for nitrogen using a crude protein method. Fat (crude) was determined 
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using the default method, AOAC Official Method 920.39 (2006), automated by a Foss Soxtec 
2047 instrument with the use of diethyl ether. Color was measured with L-a-b opposable color 
scales by using a spectrocolorimeter (LabScan XE, Hunter Associates Laboratory, Reston, Va.) 
(Hunter Associates Laboratory, 2002). 
 Statistical analyses were performed using the Proc Mixed of SAS (SAS Institute, Cary, 
NC) to evaluate the effects of storage time, storage temperature, and particle size on DDGS. 
Multiple linear regression was performed using Proc Reg of SAS (SAS Institute, Cary, NC) as 
a statistical method to investigate how storage time, storage temperature, and particle size 
influence on DDGS quality, as well as studying interactions among the independent variables 
(storage time, storage temperature, and particle size). Best-fit regression was chosen based on 
the highest coefficient of determination (R2), and the lowest root means square error (RMSE) 
as indicators. SAS software v.9.4 (SAS Institute, Cary, NC) was used as a tool to conduct 
statistical analysis. 
 
Results and Discussion 
Considering the limited conditions under which particule size, storage temperature, and 
storage time were analyzed in this study, the effect of size, temperature, time, and interactions 
among the independent variables on corn DDGS physical and nutritional properties can be 
observed in Table 3.1, that shows the p-values of the fixed effects for each property 
investigated. The parameters that significantly affect each variable evaluated can be seen in 
Table 3.1. 
Moisture content was significantly affected by particle size, storage temperature, 
storage time, and interactions between size and time, and temperature and time. Clementson et 
al. (2009) reported that moisture content presents a strong positive correlation with particle 
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size. The moisture content for each DDGS particle size ranged from 5.6% to 12.2% at 721 µm, 
with a standard deviation (SD) of 1.7%, and from 5.8% to 11.5% at 500 µm (SD equal to 
1.3%). Similar results were observed by Liu (2009), who presented a DDGS moisture-content 
range of 7.77% to 10.73%. Kingsly et al. (2010) reported variation from 6.45% to 16.57% 
among four different batches of DDGS. El-Hack et al. (2017) reported a DDGS moisture 
content of 10.45%, in agreement with the moisture-content results of this study.  
Figure 3.1 shows that for 721 µm particle size, DDGS moisture content at 4o C and 
12oC storage temperatures tended to increase over time until 37 months of storage then 
decreased until 51 months had elapsed, while the DDGS moisture content at 25 oC storage 
temperature increased until 4 months then decreased until 51 months had elapsed. This might 
be explained by DDGS being a hygroscopic material, and the storage room temperature at 25 
oC could present low relative humidity. On the other hand, for a particle size of 500 µm, DDGS 
moisture content at 12 oC and 25 oC storage temperatures decreased until 13 months, then 
increased until 30 months, and finally decreased again until 51 months had elapsed. 
Parameters significantly affecting pH were size, time, interaction between size and 
time, and the interaction among sizes, temperature, and time. The pH for each particle size of 
DDGS presented minimum and maximum values of 4.2 and 4.7 at 721 µm and 3.8 and 4.8 at 
500 µm, respectively, with the same standard deviations (SD) of 0.1%. These pH values were 
close to those reported  by Council, (2012), 3.6 to 5.0, as well as those reported by Kung and 
Shaver (2001) for corn silage, 3.7 to 4.2, and,  and for high moisture corn,  4.0 to 4.5. The 
DDGS at 500 µm exhibited a slightly higher average pH value than the DDGS at 721 µm. 
Figure 3.2 shows that the pH tends to increase over time for both particle sizes analyzed, in 
agreement with the results reported by Suleiman et al. (2018) by conducting an experiment 
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which analyzed pH values of four different maize samples (HW = hermetic with weevils, 
HNW = hermetic no weevils, NHW = non-hermetic with weevils, NHNW = non-hermetic no 
weevils) over 2 months (60 days) of storage time, and observed that the pH values increased 
slightly over time for all the scenarios. 
Lactic acid was affected by size, time, and interaction between size and time. Lactic 
acid presented similar ranges for the two DDGS particle sizes evaluated, i.e., from 0.3% to 
9.8% at 721 µm and from 0.3% to 9.2% at 500 µm, but the two particle sizes exhibited different 
storage-time behavior (Figure 3.3). For all storage temperatures, lactic acid at 721 µm tended 
to decrease over time until full 51 months, while lactic acid at 500 µm decreased until 4 months, 
then increased until 13 months, then decreased again until 51 months of storage time had 
elapsed.  
Lactic acid is one of the most useful chemical products because of its widespread 
application in several sectors (food, chemical, pharmaceutical, cosmetic, and textile). DDGS 
has been used as a substrate in the hydrolysis process in D-lactic acid production for polylactic 
acid (PLA), a biodegradable polymer (Zaini et al., 2019). Rezende et al. (2014) in an corn grain 
silage experiment using three different rehydration conditions with either acid whey or water 
at three moisture levels, found that the overall mean lactic acid content to be 13.8g/kg or 1.38% 
of DM, essentially the same lactic acid range found in this study for both particle sizes 
analyzed. In corn silage, large amounts of lactic acid decrease corn silage pH and preserve 
more corn silage nutrients under particular circumstances, inhibiting yeast and mold growth 
(Rezende et al., 2014). Kung and Shaver (2001) reported values for lactic acid content for corn 
silage (ranging from 4.0% to 7.0%), and high-moisture corn (ranging from 0.5% to 2.0%). 
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Acetic, propionic, and butyric acids are short-chain fatty acids (SCFAs), the primary 
energy sources for ruminants. Propionic acid is commonly used as a preservative in both 
animal feed and human food industries for inhibiting growth of mold and some bacteria. 
Chaput et al. (2011) stated that application of propionic acid in ruminant feeding has led to 
development of an antibiotic known as Monensin, that promotes propionibacteria in the rumen 
over the bacteria population that produces acetic acid. This leads to advantages such as less 
carbon dioxide and methane production in the rumen of ruminants and an increase in 
conversion of feed into body weight gain, that can be directly associated with propionibacteria 
metabolism and promotion of this bacteria population in the rumen of ruminants.  
Acetic acid and propionic acid presented temperature as the only parameter that was 
not statistically significant. The acetic acid for each DDGS particle size ranged from 0.0% to 
0.8% at 721 µm and 0.0% to 0.5% at 500 µm, respectively, both with of standard deviation 
values of 0.1%, similar to results of Rezende et al. (2014) for corn silage (0.2%). Kung and 
Shaver (2001) reported corn-silage acetic acid content values ranging from 1.0% to 3.0%, and 
for high moisture corn less than 0.5%, in agreement with the values found in this study. At all 
storage temperatures, the two DDGS particle sizes analyzed exhibite the same trend; for the 
721 µm size, the acetic acid remained constant until 37 months then increased until 51 months 
of storage had elapsed, while at 500 µm the acetic acid content remained constant until 30 
months then increased until 51 months of storage time had elapsed (Figure 3.4).  
The propionic acid for each particle size of DDGS presented minimum and maximum 
values of 0.0% and 0.2% at 721 µm, and 0.0% and 0.4% at 500 µm, respectively; both with  
standard deviations (SD) of 0.1%, in agreement with the corn silage results reported by 
Rezende et al. (2014) for corn silage (0.1%). Kung and Shaver (2001) stated propionic acid 
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values for corn silage and high-moisture corn lower than 0.1%, in agreement with the outcomes 
of this study. 
Figure 3.5 shows that, at 12 oC and 25 oC storage temperatures, DDGS propionic acid 
content for 721 µm particle size decreased until 12 months then increased until 51 months of 
storage had elased, while at 4 oC propionic acid content decreased until 12 months, then 
increased until 37 months had elapsed, then decreased until 51 months of storage had elapsed. 
On the other hand, at all storage temperatures, propionic acid content for both DDGS particle 
sizes tended to decrease over time until 4 months, then increase until 6 months, then decrease 
again until 51 months had elapsed. Rezende et al. (2014) speculated that lactic acid 
concentration might be related to acetic acid concentration, a possible explanation for these 
results. It could be observed that when lactic acid concentration decreased the acetic acid 
concentration increased. 
Butyric acid in animal feeding was investigated by Levy et al. (2015) to determine the 
optimal level of encapsulated butyric acid based on the performance of male Cobb broilers and 
its effects on intestinal morphology. The authors pointed out that use of butyric acid in poultry 
feeding has been studied as an alternative to antibiotics because of its bactericidal activity on 
some enteric bacteria as well as its stimulation of villi growth. Levy et al. (2015) found that 
while body weight increased linearly as the butyric acid inclusion increased in the diet during 
the grower phase. However, the body weight gain and feed consumption do not present a 
statistical difference at 21 days of age with any addition of butyric acid on a diet.  
Butyric acid was not statistically affected by any parameters or interactions, while and 
ethanol content was statistically affected by all the parameters and interactions. For both 
particle sizes (721 µm and 500 µm), butyric acid presented a constant value (0.01%) over time 
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for all storage temperature investigated, as well as the same standard deviation (SD) value of 
0.0%, in concordance with the proportion of butyric acid for animal feeding suggested by Levy 
et al. (2015 Their study sought to achieve the highest body weight gain and most improved 
feed conversion for male Cobb broilers, and suggested supplementation by up to 500g of an 
encapsulated source of butyric acid per tonne (0.05%). Kung and Shaver (2001) reported 0.0% 
values of butyric acid for corn silage and high moisture corn, with ethanol content exhibiting 
minimum and maximum values of 0.0% and 0.7% at 721 µm and 0.0% and 1.0% at 500 µm, 
respectively; standard deviation values were similar (0.1% and 0.2%, respectively).  
Ethanol content in DDGS samples was statistically affected by all parameters and 
interactions, in agreement with results of Kung and Shaver (2001) for ethanol content in corn 
silage and high moisture corn, i.e., from 1.0% to 3.0% and 0.2% to 2.0%, respectively. The 
same trend was observed for the two DDGS particle sizes analyzed. The same trend was 
observed for the two DDGS particle sizes analyzed. The ethanol content maintained a constant 
value (0.01%) until 37 months of storage time at 721 µm and until 30 months of storage time 
at 500 µm, and in both cases it increased until 51 months of storage time had elapsed. These 
trends were the same for all storage temperatures analyzed, except for 12 oC and 25 oC at 721 
µm, which exhibited a constant value for all storage time (Figure 3.6).  
Protein content was affected by the size, time, and interaction between size and time. 
The protein content for both DDGS particle sizes ranged from 26.9% to 29.7% (SD equal to 
0.7%) at 721 µm and 26.8% to 30.1% at 500 µm (SD equal to 0.6%), in agreement with the 
results reported by Liu (2009). Batal and Dale (2006) reported a protein range from 23% to 
30%. El-Hack et al. (2017) reported a DDGS protein content value of 18.0%, while Kawęcka 
et al. (2018) reported a protein content of 19.3%. Clementson et al. (2009) reported that while 
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protein content is correlated with particle size, it is not always consistent in this regard. 
Srinivasan et al. (2005) and Cheng et al. (2014) stated that a smaller particle size fraction was 
associated with higher protein content. 
From Figure 3.7, DDGS protein content for particle size 721 µm at all storage 
temperatures tended to increase for 4 months then decreased until 51 months of storage had 
elapsed. DDGS protein content for 500 µm particle size decreased at the beginning of the 
storage period (02 months), then increased until 13 months had elapsed, then decreased again 
until 51 months of storage had elapsed, with this trend observed at all storage temperatures (4 
oC, 12 oC, and 25 oC). Belyea et al. (2004) conducted an experiment analyzing the DDGS 
composition over time and concluded that protein content increased with time, in disagreement 
with the current study. A possible reason for this disagreement could be related to the fact that 
Belyea et al. (2004) analyzed DDGS produced from different lots of corn cultivated in different 
years, possibly affecting DDGS composition over time, while in this study the results were 
obtained from the same lot of samples. 
For Ammonia-N as crude protein and Ammonia-N of crude protein, time was the only 
parameter that was not statistically significant. Ammonia-N as crude protein presented a 
minimum and maximum values of 2.8% and 10.8% at 721 µm (SD of 1.7%), and 2.5% and 
7.2% at 500 µm (SD of 1.1%), respectively. From Figure 3.8, it can be seen that the Ammonia-
N as crude protein tended to decrease over storage time for the two particle sizes evaluated 
(721 µm and 500 µm), pointing out that the Ammonia-N as crude protein was analyzed until 
37 months of storage time for both particle sizes. Ammonia-N of crude protein exhibited a 
similar trend with respect to storage time for all storage temperatures (Figure 3.9). 
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The Ammonia-N of crude protein content for each particle size of DDGS ranged from 
0.3% to 37.3% at 721 µm (SD of 8.4%), and 0.7% to 25.9% at 500 µm (SD of  6.6%). Ferraretto 
et al. (2014) reported a value for Ammonia-N of crude protein for high-moisture corn nutrient 
composition and pH (4.52) was 2.9%, and in this study similar values could be observed around 
51 months of storage time. Kung and Shaver (2001) reported values for Ammonia-N of crude 
protein in both corn silage (ranging from 5.0% to 7.0%) and in high moisture corn (lower than 
10%), in agreement with the values observed in this study at the end of the storage times 
evaluated (37 months at 721 µm and 30 months at 500 µm). 
Total acids content was significantly affected by size, time, the interaction between size 
and time, and interaction among size, temperature and time. For the two DDGS particle sizes 
evaluated, the total acids content for each particle size of DDGS presented a similar range, 
from 0.4% to 10.0% at 721 µm and 0.5% to 9.5% at 500 µm, with similar standard deviations 
(3.3% and 2.9%, respectively). However, the two particle sizes exhibited different storage time 
behavior (Figure 3.10). The total acids content at 721 µm tended to decrease over time up to 
51 months of storage for all temperatures, while the total acids at 500 µm decreased until 4 
months, increased until 13 months had elapsed, and decreased again until 51 months had 
elapsed. These results agree with those results reported by Rezende et al. (2014) for corn silage 
(~2.0%). 
Lactic acid as total acids content was statistically affected by all the parameters and 
interactions presentimg ranges from 41.9% to 100.0% at 721 µm and 42.3% to 100.0% at 500 
µm. Figure 3.11 shows that at all temperatures the DDGS lactic acid as total acids content for 
particle size of 721 µm tended to increase up to 12 months then decrease until 51 months of 
storage time had elapsed,  except for a temperature of 4 oC, where it decreased between 12 
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months and 37 months, then increased again until 51 months had elapsed. The DDGS lactic 
acid as total acids content for the 500 µm particle size increased for 4 months, then decreased 
until 6 months had passed, increased again until 13 months had passed, decreased again until 
30 months had passed, then increased until 51 months of storage time had passed. Kung and 
Shaver (2001) stated that, for corn silage lactic acid should constitute at least 65 to 70% of the 
total acids, and the results for DDGS can be similarly observed in the lactic acid as total acids 
values obtained for both particle sizes analyzed. 
Protein solubility was significantly affected by the size, temperature, and time. 
exhibiting minimum and maximum values of 3.0% and 18.4% at 721 µm (SD of 3.5%), and 
5.0% and 26.6% at 500 µm (SD of 4.6%), respectively. Protein solubility at 721 µm tended to 
increase over time for 51 months at all storage temperatures, while protein solubility at 500 
µm increased at the beginnin of the storage time (2 months), decreased after 4 months, 
increased until 6 months had elapsed, reduced again until 13 months had elapsed, then 
increased until 51 months of storage time had elapsed; this behavior occurred at all storage 
temperature (Figure 3.12). 
Lin and Zayas (1987) stated that protein solubility generally increases when pH 
increases, as can be observed this study. The same effect was observed by Bals et al. (2009) 
who studied integration of alkaline extraction of proteins with enzymatic hydrolysis of 
cellulose from wet distiller’s grains and solubles (DWGS). De Boever et al. (2014) reported 
that no significant differences among corn DDGS types were observed for acid detergent 
insoluble crude protein (ADICP), crude protein solubility in water (WSCP), and crude protein 
solubility in borate-phosphate buffer (BSCP), presenting 4.2%, 13%, and 8.0%, respectively. 
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Fat content was significantly affected by size, time and interaction between temperature 
and time. The fat content for each DDGS particle size ranged from 8.9% to 16.1% at 721 µm 
(SD of 1.3%), and 8.5% to 11.8% at 500 µm (SD of 0.7%), not in agreement with the assertion 
that fractions with smaller DDGS particle sizes have more oil content and the results reported 
by Cheng et al. (2014). Liu (2009) observed a DDGS fat range from 8.41% to 11.50%, while 
Clementson et al. (2009) found by determining the effect of particle segregation on spatial 
variation in chemical composition of a pile of bulk DDGS a fat content ranging from 10.5% to 
11.9%. Batal and Dale (2006) reported a fat range from 2.5% to 10.6%, in agreement with the 
value found for fat content reported by Kawęcka et al. (2018) for fat content (3.1%). El-Hack 
et al. (2017) reported a fat content value of 5.8% for fat content.  
Figure 3. shows that while DDGS fat content for both particle sizes tended to decrease 
over time, the fat content at 500 µm exhibited greater variability over time. The fat content for 
721 µm particle size increased in the beginning of storage time (1 month) for storage 
temperatures of 12 oC and 25 oC, while it decreased at 4 oC, then decreased until 51 months of 
storage time had elapsed at all storage temperatures. The DDGS fat content for particle size of 
500 µm increased for 2 months, decreased until 4 months, increased until 13 months, and 
decreased again until 51 months of storage time had elapsed. As for DDGS protein content, 
Belyea et al. (2004) concluded that fat content increased with time, in disagreement with the 
current study. The fact of DDGS analyzed by Belyea et al. (2004) could have been produced 
from different lots of corn cultivated in different years could affect the DDGS composition 
over time, which can be related to the improvement of processing efficiency for the ethanol 
plant over time. Díaz-Royón et al. (2012) suggested that one of the reasons for fat variation 
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could be the amount of condensed distillers solubles (CDS) added to the nonfermented wet 
cake before the drying process, affecting the DDGS. 
DDGS color can be used as a subjective indicator of product quality and become a price 
factor in a market where a significant price premium might be associated with light-colored 
DDGS (Shurson, 2011). Brightness/darkness of color can be related to the Hunter-L reading 
(dark or black = 0 and light or white = 100), Hunter-a measures the redness/greenness of color, 
and Hunter-b measures the yellowness/blueness of product color (Council, 2012; Ayadi et al., 
2010). DDGS color may be affected by the color of corn kernels, which can vary among corn 
varieties. Color can also be used as a parameter indicating DDGS overprocessing or DDGS 
amino acid (AA) digestibility, where darkness might suggest a reduction in AA digestibility 
(Batal and Dale, 2006).  
Color (Hunter-L) was significantly affected by particle size, storage temperature, 
storage time, and interactions between size and time, and temperature and time. It presented 
minimum and maximum values of 41.3 and 47.3 at 721 µm (SD of 1.4%), and 41.0 and 47.4 
at 500 µm (SD of 1.6%), respectively. Lower Hunter-L values indicate darker in color, and 
consequently higher Hunter-L values indicate lighter in color (Shurson, 2011). For color 
(Hunter-a) the interaction between size and temperature, ranging from 8.8 to 11.2 at 721 µm 
(SD of 0.5%), and 8.4 to 10.4 at 500 µm (SD of 0.4%), respectively, was the only parameter 
not found to be statistically significant. It. While color (Hunter -b) was significantly affected 
by all the parameters, with minimum and maximum values of 19.3 and 23.4 at 721 µm (SD of 
1.1%), and 19.3 and 21.9 at 500 µm (SD of 0.7%), respectively. 
Figures 3.14, 3.15, and 3.16 show that color (Hunter-L, Hunter-a, and Hunter-b) 
followed the same trend. Bhadra et al. (2007) by analyzing color among DDGS sources stated 
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that Hunter-L ranged from 36.6 to 50.2, Hunter-a ranged from 5.2 to 10.8, and Hunter-b ranged 
from 12.5 to 23.4, same as Bhadra et al. (2010) reported a variation for Hunter-L from 36.6 to 
50.2, Hunter-a from 5.2 to 10.8, and Hunter-b from 12.5 to 23.4 by comparing DDGS samples 
from three different plants. Breitling et al. (2017) reported a Hunter-L range of DDGS equal 
to 41 to 63 from a data set of 7,575 Hunter-L color observations from 16 biorefineries. Figures 
3.14, 3.15, and 3.16, show that DDGS color tended to increase over time, turning the DDGS 
lighter during 4 months of storage time, then decreased until 51 months, turning DDGS darker. 
This suggests that if color may be a factor in DDGS market price, the ideal storage time for 
DDGS would be 4 months.  
Multiple linear regression was conducted for each variable by selecting a specific 
model based on the fixed effect results, and considering only statistically significant 
parameters. Table 3.2 and Table 3.3 present estimates and p-values for each variable. 
Correlation analyses were conducted to investigate relationships between all physical 
and nutritional properties, to determine the strength of the linear relationship between two 
variables (Figure 3.17). It can be observed from the scatterplot matrix that there was strong 
positive correlation of 99.7%, between Ammonia-N as crude protein and Ammonia-N of crude 
protein, as well as ethanol and acetic acid, Hunter-L and Hunter-b, and lactic acid of total acids 
and lactic acid exhibited positive correlations of 87.4%, 87.1%, and 81.2%, respectively. 
Hunter-a and Hunter-b had a positive correlation of 71.7% while Ammonia-N of crude protein 
and acetic acid had a negative correlation of 69.0%. Belyea et al. (2004) stated that fat was 
significantly correlated with protein content (82%), while in this study fat and protein exhibited 
low correlation (35.5%). One reason for this is that compositions of DDGS can vary 
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significantly from batch to batch, a factor that directly contributes to variations in nutrient 
proportions of DDGS. 
Crude protein and lactic acid, Ammonia-N of crude protein and lactic acid, fat and 
lactic acid, lactic acid and Ammonia-N of crude protein, Hunter-L and Hunter-a, protein 
solubility and acetic acid, and protein solubility and ethanol presented medium positive 
correlations of 51.8%, 58.2%, 50.1%, 56.8%, 50.9%, 61.5%, and 62.5%, respectively, while 
medium negative correlation was observed between acetic acid and lactic acid (50.7%), protein 
solubility and lactic acid (52.0%), Ammonia-N of crude protein and ethanol (56.7%), and 
protein solubility and Ammonia-N of crude protein (64.1%). 
Particle size, temperature, storage time at rest, aging, moisture content, fat, and sugar 
levels are properties that can affect DDGS flowability (Ganesan et al., 2008a; Bhadra et al., 
2009). Bhadra et al. (2009) stated that lowering the fat content of DDGS by removing the corn 
oil would increase total protein content and improve DDGS marketability, and while the corn 
oil from DDGS may be used as a substrate for biodiesel production, thereby accomplishing 




The examination of various chemical and nutritional properties of corn DDGS provides 
an overall picture of how these properties affect the end use of this coproduct as an animal feed 
component by pointing out the ideal storage conditions needed to maintain high DDGS 
nutritional quality. These properties are also essential for the formulation of animal diets and 
design and operational process in facilities as well as in the storage process. 
Statistical evidence were found to show that: 1) storage time (0, 1, 2, 4, 12, 37, and 51 
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months) affected all properties analyzed, except butyric acid; 2) particle size (500 and 721 µm) 
affected all properties analyzed, except for butyric acid, ammonia-N as crude protein, and 
ammonia-N of crude protein; and 3) storage temperature (4, 12, and 25oC) affected moisture, 
ethanol, lactic acid as total acid, protein solubility, and color (Hunter-L, Hunter-a, and Hunter-
b) in corn DDGS analyzed (presenting P-value<0.01). Strong correlation was also found 
between Ammonia-N as crude protein and Ammonia-N of crude protein, ethanol, and acetic 
acid, Hunter-L and Hunter-b, and lactic acid of total acids and acid in corn DDGS. The stated 
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Figure 3.1. DDGS moisture content over time at 4 ˚C, 12 ˚C, and 25 ˚C for two particle sizes 
(721 μm and 500 μm). 
 





















































































































Figure 3.3. DDGS lactic acid over time at 4 ˚C, 12 ˚C, and 25 ˚C for two particle sizes (721 
μm and 500 μm). 
 
Figure 3.4. DDGS acetic acid over time at 4 ˚C, 12 ˚C, and 25 ˚C for two particle sizes (721 


















































































































Figure 3.5. DDGS propionic acid over time at 4 ˚C, 12 ˚C, and 25 ˚C for two particle sizes 
(721 µm and 500 µm). 
 
 
Figure 3.6. DDGS ethanol content over time at 4 ˚C, 12 ˚C, and 25 ˚C for two particle sizes 






















































































































Figure 3.7. DDGS protein content over time at 4 ˚C, 12 ˚C, and 25 ˚C for two particle sizes 
(721 µm and 500 µm). 
 
 
Figure 3.8. DDGS Ammonia-N as crude protein content over time at 4 ˚C, 12 ˚C, and 25 ˚C 






































































































































Figure 3.9. DDGS Ammonia-N of crude protein content over time at 4 ˚C, 12 ˚C, and 25 ˚C for 
two particle sizes (721 µm and 500 µm). 
 
 
Figure 3.10. DDGS total acids content over time at 4 ˚C, 12 ˚C, and 25 ˚C for two particle 

























































































































Figure 3.11. DDGS lactic acid as total acids content over time at 4 ˚C, 12 ˚C, and 25 ˚C for 
two particle sizes (721 µm and 500 µm). 
 
 
Figure 3.12. DDGS protein solubility content over time at 4 ˚C, 12 ˚C, and 25 ˚C for two 






























































































































Figure 3.13. DDGS fat content over time at 4 ˚C, 12 ˚C, and 25 ˚C for two particle sizes (721 
µm and 500 µm). 
 
Figure 3.14. DDGS color (Hunter – L) over time at 4 ˚C, 12 ˚C, and 25 ˚C for two particle 























































































































Figure 3.15. DDGS color (Hunter – a) over time at 4 ˚C, 12 ˚C, and 25 ˚C for two particle 
sizes (721 µm and 500 µm). 
 
Figure 3.16. DDGS color (Hunter – b) over time at 4 ˚C, 12 ˚C, and 25 ˚C for two particle 












































































































Table 3.1. P-values of fixed effect for physical and nutritional properties of corn DDGS. 
Properties Fixed Effect 
Size Temp Time Size*Temp Size*Time Temp*Time Size*Temp*Time 
Moisture <0.01 <0.01 <0.01 0.21 <0.01 <0.01 0.99 
pH <0.01 0.22 <0.01 0.09 0.02 0.59 0.01 
Lactic acid <0.01 0.07 <0.01 0.17 <0.01 0.47 0.08 
Acetic acid 0.00 0.47 <0.01 <0.01 <0.01 <0.01 <0.01 
Propionic acid <0.01 0.72 <0.01 0.00 <0.01 <0.01 <0.01 
Butyric acid 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Ethanol <0.01 0.00 <0.01 <0.01 <0.01 <0.01 <0.01 
Protein <0.01 0.53 <0.01 0.56 <0.01 0.28 0.61 
Ammonia-N as CP 0.19 0.06 <0.01 0.12 0.37 0.11 0.46 
Ammonia-N of CP 0.54 0.08 <0.01 0.11 0.57 0.12 0.41 
Total acids (TA) <0.01 0.07 <0.01 0.13 <0.01 0.38 0.05 
Lactic acid as TA <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Protein Solubility <0.01 0.02 <0.01 0.80 0.30 0.51 0.23 
Fat 0.00 0.18 <0.01 0.69 0.87 0.03 0.97 
Hunter - L <0.01 <0.01 <0.01 0.34 <0.01 0.00 0.12 
Hunter - a <0.01 <0.01 <0.01 0.05 <0.01 <0.01 <0.01 
Hunter - b <0.01 <0.01 <0.01 0.00 <0.01 <0.01 0.00 
Note: Bold numbers are not statistically significant at a level of 5%. 
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Table 3.2. Estimate of the models for each variable by multilinear regression analysis. 
Model: ! = # +%&' + %() + %*+ + %,(' ∙ )) + %0(' ∙ +) + %1() ∙ +) + %2(' ∙ ) ∙ +) + 3 
Variable Intercept Estimate RMSE R2 
Size Temp. Time Size*Temp. Size*Time Temp.*Time Size*Temp.*Time 
Moisture 4.4826 0.0083 -0.0234 0.0622 - -0.0001 -0.0011 - 1.3003 0.39 
pH 5.2907 -0.0013 - 0.0016 - 0.0000 - 0.0000 0.0989 0.72 
Lactic acid 3.3789 0.0062 - 0.0261 - -0.0003 - - 1.8303 0.67 
Acetic acid -0.0471 0.0000 - 0.0084 0.0000 0.0000 0.0004 0.0000 0.0717 0.71 
Propionic acid 0.2092 -0.0001 - 0.0005 0.0000 0.0000 -0.0003 0.0000 0.0886 0.08 
Butyric acid 0.0100 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 - 
Ethanol -0.1648 0.0002 -0.0024 0.0236 0.0000 0.0000 0.0005 0.0000 0.1202 0.63 
Protein 26.9386 0.0025 - 0.0542 - -0.0001 - - 0.5551 0.29 
Amm.-N as CP 5.7532 - - -0.1628 - - - - 1.3076 0.24 
Amm.- N of CP 19.4867 - - -0.3436 - - - - 4.2101 0.69 
Total_acids (TA) 3.5365 0.0062 - 0.0357 - -0.0003 - 0.0000 1.8927 0.64 
Lactic acid as TA 92.5213 0.0103 -0.1839 -0.5255 0.0004 -0.0002 0.0540 -0.0001 11.2480 0.66 
Protein Solubility 14.2039 -0.0094 -0.0672 0.1469 - - - - 3.0934 0.48 
Fat 8.8643 0.0031 - -0.0247 - - -0.0004 - 0.8653 0.37 
Hunter - L 43.2248 0.0024 -0.0364 -0.0772 - 0.0001 -0.0002 - 1.4878 0.16 
Hunter - a 6.8335 0.0041 0.0129 -0.0437 - 0.0001 0.0036 0.0000 0.3862 0.68 
Hunter - b 17.6541 0.0060 0.0047 -0.0861 0.0000 0.0001 0.0039 0.0000 0.8561 0.48 
Note: y: variable; µ: intercept; β: estimate; S: size; T: temperature; X: time; ε: error; RMSE: Root MSE (Mean Square Error); R2: Coefficient of determination; 






Table 3.3. P-values of the models for each variable estimate by multilinear regression analysis. 
Model: ! = # +%&' + %() + %*+ + %,(' ∙ )) + %0(' ∙ +) + %1() ∙ +) + %2(' ∙ ) ∙ +) + 3 
Variable Intercept p-value of the estimate 
Size Temp. Time Size*Temp. Size*Time Temp.*Time Size*Temp.*Time 
Moisture <0.01 <0.01 0.19 0.10 - 0.03 0.14 - 
pH <0.01 <0.01 - 0.56 - 0.81 - 0.17 
Lactic acid 0.01 0.00 - 0.61 - 0.00 - - 
Acetic acid 0.33 0.72 - 0.01 0.13 0.75 0.04 0.00 
Propionic acid 0.00 0.45 - 0.89 0.62 0.58 0.15 0.10 
Butyric acid <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Ethanol 0.27 0.45 0.80 0.00 0.69 0.03 0.23 0.07 
Protein <0.01 <0.01 - 0.00 - <0.01 - - 
Amm.-N as CP <0.01 - - <0.01 - - - - 
Amm.- N of CP <0.01 - - <0.01 - - - - 
Total_acids (TA) 0.01 0.00 - 0.50 - 0.00 - 0.45 
Lactic acid as TA <0.01 0.65 0.83 0.38 0.79 0.86 0.14 0.07 
Protein Solubility <0.01 0.00 0.04 <0.01 - - - - 
Fat <0.01 <0.01 - 0.00 - - 0.23 - 
Hunter - L <0.01 0.14 0.08 0.08 - 0.11 0.86 - 
Hunter - a <0.01 <0.01 0.02 0.01 - 0.00 0.00 0.00 
Hunter - b <0.01 0.00 0.94 0.06 0.77 0.04 0.16 0.08 
Note: y: variable; µ: intercept; β: estimate; S: size; T: temperature; X: time; ε: error; - : No estimate. Bold values are not statistically significant. 
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CHAPTER 4.    ENVIRONMENTAL AND ECONOMIC ANALYSIS OF 
FLOCCULATION TECHNOLOGY APPLIED TO A CORN-BASED ETHANOL 
PLANT 
Abstract 
The stimulation of renewable fuel production is related to the environmental issues resulting 
from exploration and utilization of fossil fuels. Even though the corn-based ethanol production 
is the current leader of the renewable fuels and promises to mitigate environmental impacts, it 
generates large volumes of wastewater presenting high concentrations of organic material 
(CODcr > 30,000 mg/L) and low pH (3.5 – 4.5), which creates serious environmental concerns. 
A common method for treatment of distillery wastewater is the Dry Distilled Grain Soluble 
(DDGS) process, which separates liquid and solid fractions; however, a disadvantage of this 
process is its high energy consumption (Zhang et al., 2009). Other commonly implemented 
methods are often costly and not environmentally safe. To minimize these problems, a 
flocculation process can be applied as a potential lower energy consumption process utilizing 
bioflocculants, which have been proven harmless for the environment (Buthelezi et al., 2012). 
Therefore, the main goal of this study was to analyze economic and environmental impacts of 
using flocculation technology with bioflocculants in substitution of evaporation process in a 
corn-based ethanol plant. The procedures were evaluated by analyzing the Life Cycle 
Assessment (LCA) and Techno-Economic Analysis (TEA). From the results, it can be seen 
that the flocculation system can be an alternative process for effectively minimizing energy 
consumption during production of DDGS, Distilled Wet Grains with Solubles (DWGS), and 
corn oil. Flocculation process achieved a significant 28% lower utility cost when compared to 
the conventional system. However, overall fixed costs and annual operating costs for the 
flocculation system were higher than the conventional system. Additionally, both processes 
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resulted in negative profit and sensitivity analysis showed that feedstocks cost substantially 
impacted DDGS, DWGS, and corn oil production cost. Related to environmental aspects, the 
LCA results showed that the flocculation process achieved the lowest Global Warming 
Potential (GWP) for several electricity supply technologies analyzed and presented a 
significant reduction of CO2 equivalent emissions when compared to a conventional system. 
The flocculation process resulted in approximately 57% lower greenhouse gasses emissions. 
Keywords: ethanol, wastewater, bioflocculants. 
 
Introduction 
Consumption of liquid fuels has increased significantly over the last few decades, with 
annual global oil consumption expected to reach 100 million barrels by 2019 (Kadhum et al., 
2017). Researchers have therefore expended significant efforts toward developing sustainable 
technology for producing liquid fuels with features such as energy source diversity, mitigation 
of greenhouse gas (GHG) emissions, and minimization of other pollutants that can negatively 
impact both the environment and inhabitants’ health (Garcia et al., 2017). Among the “first 
generation biofuels,” ethanol, biodiesel, and pure plant oil (PPO) are the most common types 
biofuels (Ghadiryanfar et al., 2016).  
Ethanol is produced from fermentation and distillation of sugar- or starch-based raw 
materials, and it can be used either as a pure fuel or blended with gasoline for spark-ignition 
vehicles (Goldemberg et al., 2008). Many feedstocks can be used as raw material to produce 
ethanol. However, for producing ethanol of the first generation, corn, sugarcane, and wheat are 
the most common feedstocks used in the world. Highlighting that two major global ethanol 
producers, United States and Brazil, use corn and sugarcane as feedstock, respectively 
(Izmirlioglu and Demirci, 2016). 
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Beause of doubts related to the extent to which ethanol as a replacement for fossil fuel 
can minimize greenhouse gas (GHG) emissions, several studies focusing on the biofuel life 
cycle have been conducted to address this question (Nguyen et al., 2008; Gnansounou et al., 
2009; Ometto et al., 2009; Melamu and Blottnitz, 2011; Patel et al., 2016; Garcia et al., 2017; 
Mandegari et al., 2017). 
Environmental impact of products and services in ethanol production can be evaluated 
using Life Cycle Assessment (LCA), considering the whole product life cycle in addressing 
the environmental issues of the product system. To evaluate the whole chain of one product or 
service (cradle to grave), goal and scope definitions, inventory analysis, impact assessment, 
and interpretation have to be considered as the four main LCA stages (Contreras et al., 2009). 
Techno-Economic Analysis (TEA) can be used for estimating costs of a new technology to be 
applied in a process. 
With respect to ethanol production, the amount of wastewater produced and the 
techniques used to manage its treatment is a consistent environmental concern. To achieve 
lower costs and minimization of environmental impacts, different treatments have been tested, 
focusing more effective and successful management by involving applications of innovative 
treatment technologies as being more environmentally benign (Aydiner et al., 2014). 
Among the main processes in ethanol production, since the evaporation process is one 
associated with high energy consumption, a flocculation process might be an effective 
alternative for minimizing energy consumption and consequent environmental impact. 
Therefore, the main objective of this study was investigation of life cycle assessment (LCA) 
and techno-economic analysis (TEA) of the flocculation process as a replacement for an 
evaporation process in ethanol production. 
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Ethanol and coproducts production 
Distillers Wet Grains (DWG), Condensed Distillers Solubles (CDS), also known as 
“syrup”, and the combined product Distillers Dried Grains with Solubles (DDGS) are the main 
coproducts associated with corn ethanol production (Ganesan et al., 2008). Non-fermentable 
coproducts, produced from a dry grind process, are commonly in the form of distillers wet 
grains (DWG) or distillers dried grains with solubles (DDGS), while coproducts in a wet 
milling process are in the form of corn gluten meal or corn gluten feed (Wood et al., 2014). 
For producing ethanol from corn, the corn first must to be processed to break down its 
starch into usable sugars. Dry grind processing, most commonly used to convert corn into 
ethanol, consists of grinding the corn, using enzymes to convert the resulting  starch into sugar,  
and using yeast to ferment the sugar into ethanol (Singh et al., 2001; Wood et al., 2014). Since 
in this process it is necessary to minimize capital investment, it is desirable to expoit production 
of coproducts with low value (Singh et al., 2001). 
Coproducts are considered to be additional sources of revenue to ethanol plants. DDGS 
usually contains about 86–93% (db) of dry matter, 26–34% (db) of crude protein, and 3–13% 
(db) of fat although DDGS composition can vary among plants (Rosentrater and 
Muthukumarappan, 2006). After examining compositional differences in DDGS from U.S. 
plants from 12 states, Rosentrater (2015) stated that ranges were: for dry matter from 87.9% to 
90.6%, for ash content from 4.2% to 6.6%, for protein content from 29.4% to 32.6%, for fat 
content from 9.6% to 12.8%, and for crude fiber content from 6.7% to 9.3%. 
 
Flocculation process as a treatment for wastewater 
A considerable amount of wastewater is generated in ethanol production from the corn 
ethanol plant. For manufacturing each liter of ethanol around 13 liters of wastewater are 
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produced, which presents a biological oxygen demand (BOD) of 18,000–37,000 mg/L, 
depending on the specific type of plant production (Pimentel and Patzek, 2005). 
Wastewater is typically compounded by solids not recovered either as primary products 
or coproducts. Lack of wastewater treatment can be reflected in lost products or coproducts 
because wastewater from most food processes contain protein, vitamins, and minerals, possible 
sources of animal feed (Singh et al., 2001). 
Both physico-chemical and biologic methods have been developed for treating 
wastewater, which presents high chemical oxygen demand (COD), biochemical oxygen 
demand (BOD), organic contaminants content, and dark color. These methods offer some 
disadvantages and limitation, such as a little effect on color removal and high energy involved. 
However, some alternative methods such as flocculation, coagulation, an advanced oxidation 
process, bacteria and fungi, and membrane technology have been investigated (Shan et al., 
2017). 
Knowledge of wastewater properties is essential in designing a treatment process. For 
domestic and industrial wastewater, a biological wastewater treatment, using microorganisms 
to degrade pollutants under anaerobic or aerobic conditions is frequently considered a feasible 
and cost-effective treatment method, In a biological treatment process, organic and inorganic 
compounds are transformed into H2O, CO2, N2, etc., to accomplish complete mineralization of 
wastewater pollutants (Zhu et al., 2017). 
Mechanical removal of suspended particles, anaerobic treatment, aerobic treatment, 
and recycling are other techniques that can be used to minimize the number of organic 
pollutants contained in wastewater (Goldemberg et al., 2008). For a cellulosic biorefinery 
waste stream, Baral et al. (2016) affirmed that lignin is the main constituent remaining in the 
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waste stream, in addition of 15 L of process water per liter of ethanol produced. A study by 
Trinh et al. (2013), found remain constituents of 79 wt % lignin, 8.3 wt % cellulose, and 3.6 wt 
% hemicellulose constitute. Wastewater also contains non-utilized fermentable sugars and 
process chemicals, in addition to solid fractions, that form stillage (Baral et al., 2016). 
The flocculation process could be a potential alternative to wastewater treatment from 
perspective of using the remains efficiently. The main objective of the flocculation process is 
to form aggregates that can be removed by sedimentation or flotation process. The aggregates 
are originated from the combination of individual destabilized colloidal particles combined 
with others and with the precipitate formed by the coagulant. Some crucial considerations in 
this process are flocculation time that governs the floc formation, and flow velocity that must 
be higher than 0.15 and lower than 0.5 m/min with a detention time of at least 30 min (Eldien 
et al., 2017). 
 
Flocculants in the flocculation process 
In most cases, although chemical flocculants are used in a wastewater treatment plant, 
they can negatively impact the environment and health. Bio-based flocculants, a type of 
biodegradable macromolecular flocculants, can advantageously replace chemical flocculants 
by being biodegradable and less harmful to the environment (Zhao et al., 2017; Nguyen et al., 
2016). 
Piazza et al. (2011), based in some research, pointed out that flocculants can be used in 
a large variety of processes to accomplish various objectives such as wastewater clarification, 
paper manufacture, dewatering and thickening in mineral operations, and filtration and 
centrifugation aids. 
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Bio-based flocculants can either be produced by microorganisms such as bacteria and 
fungus, or they can be extracted from natural resources, such as trees (Hameed et al., 2016). 
Zhao et al. (2017) studied the production and optimization of bio-based flocculants by using 
wastewater supernatant from corn straw and molasses wastewater from anaerobic digestion 
(AD) to remove heavy metals. They produced relevant results and concluded that such 
wastewater could be used to produce bio-based flocculants for effectively removing heavy 
metals from electroplating wastewater.  
Studies have shown that animals blood, such as bovine and porcine blood, and purified 
bovine hemoglobin can serve as effective flocculants activity of clay at pH values lower than 
the protein isoelectric point, which indicates that protein must have a net positive charge 
(Piazza and Garcia, 2010 a, b). Chicken blood was tested as a bio-based flocculants substitute 
for synthetic flocculants by Piazza et al. (2011), with results showing that chicken blood 
fractions performed similarly to or better than the anionic polyacrylamide (PAM), a polymeric 
flocculant widely used because of its low toxicity to aquatic life. These authors analyzed and 
comprehended three fractions of  chicken blood: the supernatant from centrifugation of whole 
blood at 5200 x g (2 x 10 min), the supernatant from centrifugation of heated whole blood 
stirred on a hot plate at about 1 oC per minute, until blood temperature reached 75 oC, where 
coagulation occurred, subsequently centrifuged at 5200 x g (2 x 30 min), followed by a 
dehydration process. The authors estimated production costs of flocculants from chicken blood 
to be $0.77 per pound ($1.77kg). 
 
Life Cycle Assessment (LCA) and Techno-Economic Analysis (TEA) 
For an ethanol process, a major part of life cycle assessment (LCA) has been used to 
assess the environmental impact of its products and services, focusing on greenhouse gas 
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(GHG) emission and energy balance, but with lesser attention paid to the wider range of 
environmental impacts (Balan et al., 2013; Chum et al., 2014; Mandegari et al., 2017). 
Depending on the purpose of such analysis and interpretation, the life cycle assessment (LCA) 
of greenhouse gas (GHG) emissions calculations should conform to International Standards 
Organization (ISO) standards guidelines (Chum et al., 2014). The ISO has defined both 
principles and a framework (ISO 14040, 2006), set requirements, and provided guidelines for 
LCA (ISO 14044, 2006). 
Quantification and evaluation of environmental performance of a product, process, or 
activity from “cradle to grave” is a principal objective of life cycle assessment (LCA), and 
another aim of LCA is to help decision-makers in choosing among alternative products or 
processes to achieve minimum levels of greenhouse gas (GHG) emissions (Guinee et al., 
1993). 
Techno-economic analysis is a tool used to reveal the total cost of a process, and it can 
be used for analyzing optimization efficiency of a new process or technology applied in a 
system. Some common criteria used in techno-economic analysis are cash flow, discounted 
cash flow, net present value (NPV), internal rate of return (IRR), payback period (PP) and 
sensitivity analysis (Simba et al., 2012). Thus, when related to potential environmental 
impacts, techno-economic analysis and assessment can be used to identify the most promising 
technologies that can be applied to the system under study (Budzinski and Nitzsche, 2016). 
 
Methodology 
A corn-based ethanol plant was used in this study, simulating the replacement of 
evaporation process by flocculation process as a new technology for minimizing the energy 
consumption and consequently minimizing the end-user cost of the products. The USDA 
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model for a 40 million gal/y dry grind corn ethanol plant, created by Kwiatkowski et al. (2006) 
using SuperPro Designer (Intelligen, Inc., Scotch Plains, NJ), was utilized as a base for 
conducting the simulation. 
Two scenarios were used to conduct a life cycle assessment (LCA) and techno-
economic analysis (TEA), and simplified flow diagrams of both scenarios are shown in Figure 
4.1 and 4.2. The first scenario was based on the conventional corn-based ethanol plant 
considering the evaporation process (Figure 4.1), and the second scenario was considering the 
substitution of the evaporation process by flocculation process, supposing to mitigate the 
energy consumption and maximize the environmental benefits when compared to the first 
scenario (Figure 4.2). 
Life cycle assessment was conducted considering a within “gate-to-gate” 
environmental impacts of producing corn-based ethanol coproducts, and the studied system 
includes whole stillage from distillation to coproducts from ethanol production using dry 
milling technology associated with flocculation technology. 
 
Computer modeling  
SuperPro Designer v10 (Intelligen, Inc. Scotch Plains, NJ) was used to perform the 
economic model for quantifying the processing characteristics, energy requirements, and 
equipment parameters, considering each operating scenario. This industrial designing software 
determines the mass and economic balance for each unit operation and the whole system by 
providing flow rate, chemical composition, physical and economic properties of each stream. 
Techno-economic analysis (TEA) for each scenario was conducted by using spreadsheet (MS-
Excel) software based on SuperPro economic outputs. 
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In the first scenario, the system boundary includes tanks, splitter, centrifuge, mixers, 
dryer, evaporator, and storage systems. In the second scenario, the system boundary includes 
tanks, splitter, centrifuge, mixers, dryer, flotation, filter, and storage systems, considering a 
corn-based ethanol plant. The functional unit for greenhouse gas emissions in both scenarios 
was kgCO2eq./t of whole stillage processed. 
 
Assumptions and Data Collection 
Economic costs were calculated based on capital, variable, and fixed costs. Capital 
costs include equipment costs, installation costs, electrical costs, piping costs, and construction 
costs, while variable costs are associated with utility costs, labor costs, raw materials costs, 
maintenance and repair costs, and other supply costs. Fixed costs include expenses related to 
insurance, depreciation, interest, overhead, and taxes. 
For both scenarios the model was set up to operate on the basis of 330 d/y with a work 
schedule of 24 h/d, considering time for maintenance and repairs, a common ethanol plant 
operational system (Wood et al., 2014). The nominal capacity of the plant in the model was 
taken as 2000 dry tonnes (t) per day of raw material, similar to that in the study conducted by 
Dutta et al. (2011). 
For conducting the simulation, the thin stillage composition was based on the values 
published by Larson et al. (1993) and by Rosentrater & Muthukumarappan (2006). It was 
assumed that the whole stillage contained 15% solids and the thin stillage contained 10% 
solids. Chicken blood (CKB) was used as a flocculants in the flocculation process used in the 
second scenario. The CKB blood composition values were based on the values stated by Del 
Rio De Reys et al. (1980). Thin stillage and CKB blood compositions are listed in Table 4.1. 
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The required amount of CKB flocculant was calculated based on the thin stillage 
volumetric flow, considering that 1g of CKB flocculant was needed for each liter of thin 
stillage to be processed.  
For the TEA model, assumptions were: 20 years of plant lifetime, 30 months of 
construction time, six months of startup time, 35% income tax, 10 year depreciation period 
with 5% salvage value of direct costs, 10% per year interest rate for debt financing, and 100% 
equity. The detailed material and energy flow presented by the model and the unit costs used 
in the design report were used to determine operating costs. 
To estimate total capital costs for both scenarios (Table 4.2), the methodology utilized 
by Brown and Brown (2013) was followed. 
Fixed capital investment (FCI) was determined by the full cost of the facility that could 
be depreciated, and it was calculated considering the purchased equipment costs, installation 
costs, indirect costs, and contingency, multiplied by a location factor (LF). According to Brown 
and Brown (2013), such as location factor reflects differences in dominating costs in other 
regions and countries by assuming that the simulated facility is located in a region or country 
without an established refining industry. For this study, the location factor was taken as 1, for 
both scenarios. 
Variable costs were estimated based on Brown and Brown (2013) methodology. Raw 
materials cost ($/y) was calculated according to Equation 4.1. Whole stillage and CKB blood 
were the raw materials considered in the models; however, the cost for CKB blood was 
included only in scenario II. While Piazza et al. (2011) estimated the cost of flocculant 
production from CKB blood to be $0.77 per pound ($1.70 per kilogram), since information 
about whole stillage cost could not be found in literature, in conducting the TEA, the whole 
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stillage price was calculated based on the proportion of protein-fiber (%PF) ratio of DDGS and 
the whole stillage, acknowledging that DDGS price is based mainly on protein and fiber 
content. Thus, considering that DDGS had a 35% PF with an average price of $150.00/t in 
January (USDA, 2019), and whole stillage had a 1.5% PF, the whole stillage price estimation 
was $6.43/t. 
The capacity factor (!") shown in the raw material cost equation was the fraction of 
time a facility operates on an annual basis, which was calculated based on a 330 working d/y. 
#$%	'$()*+$,	-./(	 0$
2
3 = 	56	7	'	̇ 7	31.5	7	10>	7	!"                 (Eq. 4.1) 
where: 56	 – unit cost of raw material ($/kg); '̇– feed rate (kg/s) of raw material into plant; 
31.5 × 106 s/year corresponds to the total of seconds per year; !" – capacity factor of a facility. 
The operating labor cost was considered to be $13.12 per hour (Cheng, 2017), and 
supervisor labor cost was calculated as 10% of operating labor cost. Utility cost was taken as 
the output value from the economic report generated by the modeling simulation. Maintenance 
and repairs costs were estimated as 2% of total project investment (TPI). The variable costs 
subtotal was the sum of all direct operating expenses. The standard electrical power cost was 
taken as $0.058/kW-h, by observing electricity price for the Iowa industrial sector (EIA, 2018). 
Fixed costs included overhead, local taxes, and insurances, with overhead taken as 50% 
of the sum of operating labor, supervision, and maintenance and repair; local taxes were 1% 
of TPI; and insurance cost was calculated based on 0.4% of TPI. The annual capital charges 
represent the annual payment of interest and principal on loan for total capital, calculated 
according to Equation 4.2 (Brown and Brown, 2013). 
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where: 5EFG	 – loan of capital (in the form of TPI); + - annual interest rate of the loan (expressed 
as a decimal fraction); @ - the payment period of the loan (years). 
Annual operating costs are the sum of direct costs, indirect costs, and annual capital 
charge, while product cost represents the annual operating cost divided by annual production 
output (Brown and Brown, 2013). The production cost of each coproduct (DDGS, DWGS, and 
corn oil) was calculated for both scenarios. 
Fixed capital estimate summary, a process summary, and profitability analysis are the 
most important outputs from the model, pointing out that the unit production cost and unit 
production revenue are the most significant results of the profitability analysis. 
To estimate profitability for each scenario, the profit/loss valueswere determined by 
calculating the difference between the gross income and the total costs (Equation 4.3). For each 
coproduct, considering each scenario of production, the gross profit was estimated by assuming 
the sale price equal to the USDA (2019) market price multiplied by the production volume, 
and the total costs were taken as the sum of total variable costs and total fixed costs. 
P*.!+(/Q.// 0$
2
3 = R*.//	S@-.') − T.($,	5./(/                           (Eq. 4.3) 
The disposal of whole stillage from a corn-based ethanol plant at a wastewater 
treatment plant was also considered. To conduct those calculations, some assumptions were 
made, such as choosing the Des Moines Metropolitan Wastewater Reclamation Authority 
(WRA) was choose as the location for stillage disposa. Carbonaceous biochemical oxygen 
demand (CBOD), Total suspended solids (TSS), and Total Kjeldahl nitrogen (TKN) were 
considered to be the most likely pollutants. According to WRA, the pollutants rate can be 
calculated using Equation 4.4. Pollutant costs were assumed to be consistent with WRA values 
(CBOD equal to $0.11/lb, TSS equal to $0.16/lb, and TKN equal to $0.61/lb). Other 
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assumptions were that the whole stillage was to be disposed of at the wastewater treatment 
plant at the rate of 2000 ton/d, 1 lb of carbohydrates equated 0.9 lb of CBOD, the whole stillage 
TSS was equal to 25%, and the whole stillage TKN was 5,300 mg/L (Eskicioglu et al., 2011). 
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were: MGD is million gallons per day. 
To evaluate the economic assessment, both the conventional system and flocculation 
system were tested through a sensitivity analysis that varied the price of variable cost, fixed 
cost and raw materials (whole stillage and chicken blood flocculants) cost, one at a time, from 
-30% to +30%, and DDGS, DWGS, and corn oil prices one at a time over the market price 
range. Sensitivity analyses are used to identify which process parameters have the most impact 
on the overall economics of the process when costs and selling prices related to the evaluated 
parameters fluctuate under economic and market conditions (Aden and Foust, 2009; Cheng, 
2017). 
For conducting life cycle assessment (LCA), the outputs from SuperPro model related 
to energy sources were used to calculate the Carbon Dioxide equivalent for each scenario by 
using a Greenhouse Gas Equivalencies Calculator (EPA, 2018a) and an emission conversion 
factor for greenhouse gas inventories (EPA, 2018b). The environmental impact of DDGS, 
DWGS, and corn oil production processes were considered. The LCA inventory includes 
detailed input and output amounts of substances. Additionally, the Global Warming Potential 
(GWP) generated for each scenario, the conventional system, and the flocculation system, in 
kgCO2eq./kWh, was determined by comparing different energy sources (coal, gas, biomass, 
geothermal, hydropower, nuclear, solar power, and wind).   
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Results and Discussion 
Capital costs, the initial investments in the facility, were developed from the costs of 
individual equipment items, instrumentation and control, process piping, insulation/electrical 
work, engineering/construction costs, yard improvements, and services facilities. The capital 
costs for both scenarios are shown in Figure 4.3. 
Figure 4.3 (a) shows that the overall fixed costs for the scenario I were about 10% lower 
than the overall fixed costs because of the flocculation system cost (Scenario II). The calculated 
ratio of the overall fixed costs for the flocculation system and an evaporation systems can be 
observed in Figure 4.3 (b), indicating a ratio of 1.10 for each parameter considered that 
constributed to the overall capital costs. Although the evaporator, used in scenario I, is 
considered an expensive equipment, the flocculation process actually requires more equipment 
such as flotation thank, heat exchanger, and filter in substitution to evaporator, and then the 
costs related to the equipment in scenario II were 20% more expensive than those of the 
conventional system (Table 4.3). 
The total purchased equipment cost (TPEC) was $4,589,000 for scenario I and 
$5,033,000 for scenario II; the Total Project Investment (TPI) for scenario I was equal to 
$25,036,700, while that for for scenario II was $27,459,100. Considering the evaporator cost 
and the unlisted equipment cost for scenario I, and the flotation tank cost, the filter cost, the 
heat exchanger cost, and the unlisted equipment cost for scenario II, it can be observed that the 
cited equipment costs for scenario I about 85% of the listed equipment costs for scenario II. 
The annual operating costs for both scenarios can be seen in Figure 4.4; they reflect the 
impact of the expenses associated with the facilities, labor, materials, and utility required for 
operation process on the overall annual operating cost. 
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Figure 4.4 shows that material and facility costs had a substantial impact on the overall 
annual operating costs, followed by utility costs and labor costs for both scenarios. In scenario 
II, material costs represented 44.5% of annual operating costs, while in scenario I, it was 
around 32%. For both models, the largest amount of material used was whole stillage, while 
for scenario II, the CKB blood flocculants reflected additional material cost. Wood et al. (2014) 
reported similar annual operating costs results by analyzing twelve different scenarios of a 
TEA that considered a corn-based ethanol plant focused on 2011/2012. Facility costs 
accounted for 45% and 40% of annual operating costs for scenario II and scenario I, 
respectively. 
In addition to material and facility costs, utility costs had the most impact on the overall 
annual costs of the facilities, especially for scenario I. In the models, utility costs indicated the 
costs related to cooling/chilled water, steam, and electricity (Figure 4.5). 
For the scenario I, steam was the one that had the most significant impact on the overall 
utility costs, representing almost 73% of total utility costs, followed by electricity (18%); for 
scenario II, steam accounted for about 55% and electricity about 28% of utility expenses. 
Cooling/chilled water had the least overall impact for both scenarios,  contributing about 8% 
and 16% for scenario I and scenario II, respectively. 
Highlighting that the evaporator was responsible for the most substantial power 
consumption in the scenario I, while the dryer had the most significant impact on the annual 
utility costs in scenario II. This may be related to the high moisture content of the input stream 
into the dryer under scenario II conditions that did not occur in scenario I. 
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The total amount of main product and coproduct produced from scenario I and scenario 
II can be observed in Table 4.4. The main product was Dried Distillers Grains with Solubles 
(DDGS), and the coproducts were Wet Distillers Grains with Solubles (DWGS) and corn oil. 
Table 4.4 shows that the total production for DWGS and corn oil were about the same, 
for both scenarios, with a slightly higher production of DWGS considering the flocculation 
process, while conventional corn-based ethanol production resulted in corn oil production 
slightly higher than in the flocculation system. However, the DDGS production from 
flocculation scenario was lower than from the conventional system. 
Figure 4.6 shows the portion of the annual coproducts produced, considering models 
for both scenario I and scenario II. DWGS production for scenario II contributed with almost 
83% of the total output, while in scenario I it represented 79% of the total production. In 
scenario I, DDGS production was equal to 19% of the total, while in scenario II it was about 
16% of the total output. For both scenarios, corn oil contributed nearly 2% of the total 
production. 
For both scenarios, the annual revenue was determined as the income received from 
the sale of the main product and the coproducts. DDGS is commonly used for feeding animals, 
and the market value is generally determined based on its protein content. According to the 
USDA Daily Ethanol Report of January of 2019, the selling price of DDGS in Iowa-Western 
presented an average equal to $150.00/t and reported the average selling price of DWGS was 
$40.00/t. Corn oil is known to represent the most significant market price compared to other 
coproducts from the ethanol facility. The USDA Daily Ethanol Report of January of 2019 
stated that the selling price for corn oil was $0.245 per pound, corresponding to $544.44/t. 
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Therefore, by assuming the USDA (2019) prices to be the market prices for these products, the 
profit/loss can be shown as in Figure 4.7 (a). 
Results show that gross income related to the product sales and total costs were higher 
for scenario I ($3,717,900 and $7,967,300) than for scenario II ($3,376,000 and $7,106,200), 
respectively. Furthermore, none of the scenarios were profitable because of the high production 
cost, and low production and market price of DDGS, DWGS, and corn oil, for the given 
modeling conditions. Ratios of the gross income, total costs, and profit/loss for comparing the 
flocculation system to the evaporation system were determined and had values of about 0.9, 
meaning that the flocculation system (Scenario II) represented the best scenario for these 
assumed parameters (Figure 4.7 (b)). The losses for the conventional system were higher than 
the losses for the flocculation system by a magnitude of 12%. 
Even though flocculation system is not a widespread technology used in ethanol 
production, it has been recently developed to provide additional value and efficiency to the 
production of ethanol coproducts. The Harvesting Technology LLC, a U.S. company involved 
in ethanol production, has recently begun exploring this alternative technology to eliminate 
high maintenance and power consumption centrifuges for extracting corn distillers grain and 
thin stillage. Besides, the company also uses dissolved air flotation (DAF) and Tricanter to 
separate the remaining solids and liquids. The company described the developed systems as 
the CoProMaxTM Process. No information is available about economic and environmental 
impacts of that technology applied on an industrial scale, more details about the CoProMaxTM 
Process can be found at the website (http://harvestingtech.com/wordpress/wp-
content/uploads/1949/06/12-page-CoProMax-PPT-3.17.pdf). 
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Since both simulated scenarios did not reflect profitability, the alternative of disposing 
the whole stillage from a corn-based ethanol plant at Des Moines Metropolitan Wastewater 
Reclamation Authority (WRA) was considered. The total cost of that process was calculated 
as $30.8 million/y, , with TSS and CBOD pollutant costs representing 86% and 12% of the 
total costs, respectively. While the stillage handling process for producing DDGS, DWGS, and 
corn oil is considered one of the major limitations of corn ethanol plants, based on the results 
of this study, the stillage process may be a cheaper solution to using corn ethanol plant residues 
than disposal of the whole stillage in a wastewater treatment plant.  
By conducting sensitivity analysis, results show that variable cost is the parameter with 
most significant sensitivity both for the conventional system and the flocculation system 
(Figures 4.8 and 4.9). The raw material prices (whole stillage and chicken blood flocculants) 
may be the main underlying reason for the variable cost sensitivity impact in both scenarios. 
In addition to variable cost and raw materials cost, the output market price for DWGS is a 
highly sensitive parameter, and the output market price for corn oil represents the least 
sensitivity for the two scenarios. Brown and Brown (2013) stated that feedstock cost, process 
yield, and output market value are parameters commonly reported to be highly sensitive. 
Raw materials cost significantly affected the production cost of DDGS, DWGS, and 
corn oil, resulting a direct increase in the cost of products production when the price of 
feedstock increases, and greatly impacting system profitability. 
Life cycle assessment (LCA) based on the life cycle inventory was performed to 
quantify the magnitude of environmental impact for both scenario I and scenario II. 
Greenhouse gas emissions (GHG) were calculated by using the greenhouse gas equivalencies 
calculator (EPA, 2018a) and the emission conversion factor for greenhouse gas inventories 
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(EPA, 2018b). Scenario I presented a higher amount of greenhouse gas emissions with 63 
kgCO2eq./t of whole stillage processed than scenario II, which presented value equal to 16 
kgCO2eq./t of whole stillage processed, for the overall process. 
Callotta et al. (2017) evaluated the environmental impact of two scenarios based on 
application of two different microalgae harvesting technologies for biofuels production. The 
first scenario considered flocculation and centrifugation while in the second scenario used 
direct centrifugation (without flocculation). Their results showed that using flocculation 
technology resulted in the lowest impact in almost all the impact categories analyzed, except 
for agricultural land occupation and natural land transformation. 
Additionally, scenarios comparison related to GWP emissions from a variety of 
electrical sources were also determined using the life cycle emissions factor (EPA, 2018b). 
Figure 4.10 (a) shows emissions for different sources used to generate electricity, showing that 
coal, nuclear power, hydropower, natural gas, and oil are most typically used to generate 
electricity (SAIC, 2006). 
Not only the energy cost but also the scarcity or emissions to the environment may 
affect the energy source decision. From Figure 4.10 (a), it can be observed that emissions 
follow the same trend in both scenarios, showing onshore wind to be the electric source with 
lower emissions impact than the other sources, followed by offshore wind, nuclear, 
hydropower, concentrated solar power, and geothermal. On the other hand, coal was the source 
having greatest impact on the environment with the highest emissions level for the two 
scenarios (Table 4.5). 
The average GWP emissions, considering all electricity supply technologies listed for 
the conventional system, was 0.002 kgCO2eq./kWh, while the flocculation system presented an 
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average of 0.001 kgCO2eq./kWh. The flocculation system represented the scenario presenting 
the lowest emissions of all the electricity sources analyzed, about 43% of the total emissions 
from each electricity source compared to the conventional system (Figure 4.10 (b)). 
 
Conclusion 
The flocculation system (Scenario II), simulated as a substitute for an evaporation 
system in conventional corn-based ethanol plant (Scenario I), can be an alternative system for 
minimizing the amount of energy consumed during DDGS, DWGS, and corn oil production, 
because it presents a significantly lower utilitiy cost compared to a conventional system, and 
represents less than 28% of the utility cost of scenario I. However, both the overall fixed costs 
and the annual operating costs for scenario II were higher than for scenario I. Even though the 
evaporator is considered expensive equipment, scenario I presented a total project investment 
about 10% lower than scenario II due to need for significantly more equipment for the 
flocculation system. Additionally, both scenarios reflected negative profit, and from sensitivity 
analysis it could be concluded that feedstocks cost substantially impacted DDGS, DWGS, and 
corn oil production cost.  
With respect to environmental aspects, the LCA results show that the flocculation 
system was the scenario that presented the lowest GWP emissions among several electricity 
supply technologies analyzed. Scenario II presented an significant reduction of CO2 equivalent 
emissions, about 57% lower lower,  than the conventional system. 
 
References 
Aden, A., & Foust, T. (2009). Technoeconomic analysis of the dilute sulfuric acid and 
enzymatic hydrolysis process for the conversion of corn stover to 
ethanol. Cellulose, 16(4), 535-545. 
104 
Aydiner, C., Sen, U., Topcu, S., Ekinci, D., Altinay, A. D., Koseoglu-Imer, D. Y., & Keskinler, 
B. (2014). Techno-economic viability of innovative membrane systems in water and 
mass recovery from dairy wastewater. Journal of Membrane Science, 458, 66-75. 
Balan, V., Chiaramonti, D., & Kumar, S. (2013). Review of US and EU initiatives toward 
development, demonstration, and commercialization of lignocellulosic 
biofuels. Biofuels, Bioproducts and Biorefining, 7(6), 732-759. 
Baral, N. R., Wituszynski, D. M., Martin, J. F., & Shah, A. (2016). Sustainability assessment 
of cellulosic biorefinery stillage utilization methods using emergy 
analysis. Energy, 109, 13-28. 
Brown, R. C., & Brown, T. R. (2013). Biorenewable resources: engineering new products 
from agriculture. John Wiley & Sons. 
Budzinski, M., & Nitzsche, R. (2016). Comparative economic and environmental assessment 
of four beech wood based biorefinery concepts. Bioresource technology, 216, 613-621. 
Collotta, M., Champagne, P., Mabee, W., Tomasoni, G., Leite, G. B., Busi, L., & Alberti, M. 
(2017). Comparative LCA of Flocculation for the Harvesting of Microalgae for 
Biofuels Production. Procedia CIRP, 61, 756-760. 
Chum, H. L., Warner, E., Seabra, J. E., & Macedo, I. C. (2014). A comparison of commercial 
ethanol production systems from Brazilian sugarcane and US corn. Biofuels, 
bioproducts and biorefining, 8(2), 205-223. 
Cheng, M. H. (2017). Sustainability analysis of soybean refinery: soybean oil extraction 
process. 
Contreras, A. M., Rosa, E., Pérez, M., Van Langenhove, H., & Dewulf, J. (2009). Comparative 
life cycle assessment of four alternatives for using by-products of cane sugar 
production. Journal of Cleaner Production, 17(8), 772-779. 
Del Rio De Reys, M. T. E., Constantinides, S. M., Sgarbieri, V. C., & El-Dash, A. A. (1980). 
Chicken blood plasma proteins: physicochemical, nutritional and functional 
properties. Journal of Food Science, 45(1), 17-20. 
Dutta, A., Talmadge, M., Hensley, J., Worley, M., Dudgeon, D., Barton, D., ... & Wright, C. 
T. (2011). Process design and economics for conversion of lignocellulosic biomass to 
ethanol: thermochemical pathway by indirect gasification and mixed alcohol 
synthesis (No. NREL/TP-5100-51400). National Renewable Energy Lab. (NREL), 
Golden, CO (United States). 
EIA. (2018). U.S. Energy Information Administration. Independent Statistics & Analysis. 
Electric Power Monthly. Available at < 
https://www.eia.gov/electricity/monthly/epm_table_grapher.php?t=epmt_5_6_a>, 
accessed in Jan. 17th, 2019. 
105 
Eldien, W. N., Moawia, M., Mahgoub, M., Badawi, E., & Eltahir, E. (2017). Simulation of 
Surface Drinking Water Treatment Plant. 
EPA (2018a). United States Environmental Protection Agency. Energy and the Environment. 
Greenhouse Gas Equivalencies Calculator. Accessed in Nov 21, 2018 
<https://www.epa.gov/energy/greenhouse-gas-equivalencies-calculator> 
EPA, U. (2018b). Emission factors for greenhouse gas inventories. Stationary combustion 
emission factors. US Environmental Protection Agency. 
Eskicioglu, C., Kennedy, K. J., Marin, J., & Strehler, B. (2011). Anaerobic digestion of whole 
stillage from dry-grind corn ethanol plant under mesophilic and thermophilic 
conditions. Bioresource technology, 102(2), 1079-1086. 
Ganesan, V., Rosentrater, K. A., & Muthukumarappan, K. (2008). Flowability and handling 
characteristics of bulk solids and powders–a review with implications for 
DDGS. biosystems engineering, 101(4), 425-435. 
Garcia, C. A., Manzini, F., & Islas, J. M. (2017). Sustainability assessment of ethanol 
production from two crops in Mexico. Renewable and Sustainable Energy Reviews, 72, 
1199-1207. 
Ghadiryanfar, M., Rosentrater, K. A., Keyhani, A., & Omid, M. (2016). A review of 
macroalgae production, with potential applications in biofuels and 
bioenergy. Renewable and Sustainable Energy Reviews, 54, 473-481. 
Gnansounou, E., Dauriat, A., Villegas, J., & Panichelli, L. (2009). Life cycle assessment of 
biofuels: energy and greenhouse gas balances. Bioresource technology, 100(21), 4919-
4930. 
Goldemberg, J., Coelho, S. T., & Guardabassi, P. (2008). The sustainability of ethanol 
production from sugarcane. Energy policy, 36(6), 2086-2097. 
Guinée, J. B., Heijungs, R., de Haes, H. A. U., & Huppes, G. (1993). Quantitative life cycle 
assessment of products: 2. Classification, valuation and improvement analysis. Journal 
of Cleaner Production, 1(2), 81-91. 
Hameed, Y. T., Idris, A., Hussain, S. A., & Abdullah, N. (2016). A tannin-based agent for 
coagulation and flocculation of municipal wastewater: chemical composition, 
performance assessment compared to Polyaluminum chloride, and application in a pilot 
plant. Journal of environmental management, 184, 494-503. 
Izmirlioglu, G., & Demirci, A. (2016). Ethanol production in biofilm reactors from potato 
waste hydrolysate and optimization of growth parameters for Saccharomyces 
cerevisiae. Fuel, 181, 643-651. 
106 
Kadhum, H. J., Rajendran, K., & Murthy, G. S. (2017). Effect of solids loading on ethanol 
production: experimental, Economic and Environmental analysis. Bioresource 
technology, 244, 108-116. 
Kwiatkowski, J. R., McAloon, A. J., Taylor, F., & Johnston, D. B. (2006). Modeling the process 
and costs of fuel ethanol production by the corn dry-grind process. Industrial crops and 
products, 23(3), 288-296. 
Larson, E. M., Stock, R. A., Klopfenstein, T. J., Sindt, M. H., & Huffman, R. P. (1993). Feeding 
value of wet distillers byproducts for finishing ruminants. Journal of Animal 
Science, 71(8), 2228-2236. 
Mandegari, M. A., Farzad, S., & Görgens, J. F. (2017). Economic and environmental 
assessment of cellulosic ethanol production scenarios annexed to a typical sugar 
mill. Bioresource technology, 224, 314-326. 
Melamu, R., & Von Blottnitz, H. (2011). 2nd Generation biofuels a sure bet? A life cycle 
assessment of how things could go wrong. Journal of Cleaner Production, 19(2), 138-
144. 
Nguyen, T. L. T., Gheewala, S. H., & Garivait, S. (2008). Full chain energy analysis of fuel 
ethanol from cane molasses in Thailand. Applied energy, 85(8), 722-734. 
Nguyen, V. H., Klai, N., Nguyen, T. D., & Tyagi, R. D. (2016). Impact of extraction methods 
on bio-flocculants recovered from backwashed sludge of bio-filtration unit. Journal of 
environmental management, 180, 344-350. 
Ometto, A. R., Hauschild, M. Z., & Roma, W. N. L. (2009). Lifecycle assessment of fuel 
ethanol from sugarcane in Brazil. The international journal of life cycle 
assessment, 14(3), 236-247. 
Patel, M., Zhang, X., & Kumar, A. (2016). Techno-economic and life cycle assessment on 
lignocellulosic biomass thermochemical conversion technologies: A 
review. Renewable and Sustainable Energy Reviews, 53, 1486-1499. 
Piazza, G. J., & Garcia, R. A. (2010a). Meat & bone meal extract and gelatin as renewable 
flocculants. Bioresource technology, 101(2), 781-787. 
Piazza, G. J., & Garcia, R. A. (2010b). Proteins and peptides as renewable 
flocculants. Bioresource technology, 101(15), 5759-5766. 
Piazza, G. J., McAloon, A. J., & Garcia, R. A. (2011). A renewable flocculant from a poultry 
slaughterhouse waste and preliminary estimate of production costs. Resources, 
Conservation and Recycling, 55(9-10), 842-848. 
Pimentel, D., & Patzek, T. W. (2005). Ethanol production using corn, switchgrass, and wood; 
biodiesel production using soybean and sunflower. Natural resources research, 14(1), 
65-76. 
107 
Rosentrater, K. A., & Muthukumarappan, K. (2006). Corn ethanol coproducts: generation, 
properties, and future prospects. International Sugar Journal, 108(1295), 648-657. 
Rosentrater, K. A. (2015). Production and Use of Evolving Corn-Based Fuel Ethanol 
Coproducts in the US. In Biofuels-Status and Perspective. InTech. 
Scientific Applications International Corporation (SAIC), & Curran, M. A. (2006). Life-cycle 
assessment: principles and practice (pp. 1-80). Cincinnati, Ohio: National Risk 
Management Research Laboratory, Office of Research and Development, US 
Environmental Protection Agency. 
Shan, L., Liu, J., Ambuchi, J. J., Yu, Y., Huang, L., & Feng, Y. (2017). Investigation on 
decolorization of biologically pretreated cellulosic ethanol wastewater by 
electrochemical method. Chemical Engineering Journal, 323, 455-464. 
Singh, V., Rausch, K. D., Yang, P., Shapouri, H., Belyea, R. L., & Tumbleson, M. E. (2001). 
Modified dry grind ethanol process. Departments of Agricultural Engineering, 
University of Illinois at Champaign-Urbana, UILU, (2001-7021). 
Simba, F., Trojer, L., Mwinyiwiwa, B., Mvungi, N., & Mjema, E. (2012, November). Techno-
economic analysis of UMTS900 and UMTS2100 for rural connectivity in Tanzania. 
In 2012 IEEE 14th International Conference on Communication Technology (pp. 10-
15). IEEE. 
Trinh, T. N., Jensen, P. A., Sárossy, Z., Dam-Johansen, K., Knudsen, N. O., Sørensen, H. R., 
& Egsgaard, H. (2013). Fast pyrolysis of lignin using a pyrolysis centrifuge 
reactor. Energy & Fuels, 27(7), 3802-3810. 
USDA. (2018). United States Department of Agriculture. National Agricultural Statistics 
Service. Available at < 
https://www.nass.usda.gov/Charts_and_Maps/Agricultural_Prices/pricecn.php>, 
accessed in Jan. 17th, 2019. 
USDA. (2019). United States Department of Agriculture. Daily Ethanol Report. Agricultural 
Marketing Service. Livestock, Poultry & Grain Market News. Available at 
<https://www.ams.usda.gov/mnreports/lsdethanol.pdf>, accessed in Feb. 12th, 2019. 
Wood, C., Rosentrater, K. A., & Muthukumarappan, K. (2014). Techno-economic modeling of 
a corn based ethanol plant in 2011/2012. Industrial Crops and Products, 56, 145-155. 
Zhao, G., Ji, S., Sun, T., Ma, F., & Chen, Z. (2017). Production of Bioflocculants Prepared 
from Wastewater Supernatant of Anaerobic Co-Digestion of Corn Straw and Molasses 
Wastewater Treatment. BioResources, 12(1), 1991-2003. 
Zhu, X., Li, M., Zheng, W., Liu, R., & Chen, L. (2017). Performance and microbial community 
of a membrane bioreactor system - Treating wastewater from ethanol fermentation of 


















Figure 4.3. a) Overall fixed capital costs for Scenario I (evaporation process) and Scenario II 
(flocculation process). b) Ratio of overall fixed capital costs for Scenario II over Scenario I. 
Where TPEC – Total Purchased Equipment Cost; TIEC – Total Installed Equipment Cost; TIC 
– Total Indirect Cost; TDIC – Total Direct and Indirect Costs; FCI – Fix Capital Investment; 





















































































Figure 4.4. Proportion of annual operating costs for Scenario I (evaporation process) and 
Scenario II (flocculation process). 
 
 
Figure 4.5. Proportion of annual utility costs for Scenario I (evaporation process) and 
























































































Figure 4.6. Portion of coproducts produced from ethanol plant considering conventional 































































Figure 4.7. a) Profitability for ethanol plant considering conventional ethanol production 
(Scenario I) and flocculation system (Scenario II). b). Ratio of the profitability of Scenario II 
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Figure 4.8 Sensitivity analyses of conventional system as a function of DDGS, DWGS, and 
corn oil prices at a time from -30% to +30%. 
 
 
Figure 4.9. Sensitivity analyses of flocculation system as a function of DDGS, DWGS, and corn 
oil prices at a time from -30% to +30%.  
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Figure 4.10. a) Global Warming Potential (GWP) emissions in kgCO2eq./t of whole stillage 
processed for the conventional system (Scenario I) and flocculation system (Scenario II) using 
different electricity supply technologies. b). Ratio of the GWP emissions in kgCO2eq./t of whole 
stillage processed for the conventional system (Scenario I) and flocculation system (Scenario 
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Table 4.1. Thin stillage and Chicken blood composition utilized to conduct the simulation 
based on values published by Larson et al. (1993), Rosentrater & Muthukumarappan (2006), 
and Del Rio De Reys et al. (1980). 




Starch 22.0 - 
Crude protein 16.8 80.21 
NDF 11.7 - 
Fat 8.1 0.2 
Ash 5.9 4.6 
Ethanol 12.2 - 
Dry matter 5.0 - 
Carbohydrate - 14.99 
 
Table 4.2. Methodology for total capital cost investment estimation 
Parameter Assumptions 
Total Purchased Equipment (TPEC) 100% 
Purchased equipment installation  39% of TPEC 
Instrumentation and controls 26% of TPEC 
Piping 10% of TPEC 
Electrical systems 31% of TPEC 
Buildings (including services) 29% of TPEC 
Yard improvements 12% of TPEC 
Service facilities 55% of TPEC 
Total Installed Equipment Cost (TIEC) TPEC × sum of installation factors 
(302%) 
Total Indirect Cost (TIC) TPEC × sum of IC factors (89%) 
Engineering 32% 
Construction 34% 
Legal and contractors fees 23% 
Total Installed Equipment and Indirect Costs TEIC + TIC 
Contingency (TEIC + TIC) × 20% 
Fix Capital Investment (FCI) (TEIC + TIC + contingency) × Local 
Factor 
Working Capital (WC) 15% of FCI 
Land Use 6% of TPEC 
Total Project Investment (TPI) FCI + WC + Land 
Source: Brown and Brown (2013). 
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Table 4.3. Equipment costs considering conventional ethanol production (Scenario I) and 
flocculation system (Scenario II). 
Scenario I Scenario II 
Equipment Unit Cost ($) Equipment Unit Cost ($) 
Blending tank 251,000 Blending tank 251,000 
Blending tank 236,000 Blending tank 236,000 
Component Splitter 458,000 Component Splitter 464,000 
Rotary Dryer 1,131,000 Rotary Dryer 1,163,000 
Flow Splitter 100,000 Flow Splitter 100,000 
Decanter Centrifuge 230,000 Decanter Centrifuge 230,000 
Evaporator 1,265,000 Flotation Tank 722,000 
Unlisted Equipment* 918,000 Plate and Frame Filter 846,000 
  Heat Exchanger 14,000 
  Unlisted Equipment* 1,007,000 
TOTAL 4,589,000 TOTAL 5,033,000 
*Unlisted equipment accounts for other secondary equipment that is not considered explicitly in the model. 
 
Table 4.4. Total coproducts produced from ethanol plant considering conventional ethanol 
production (Scenario I) and flocculation system (Scenario II). 
 Coproduct Mass (t/y) 
Scenario I DDGS 10,240.64 
DWGS 42,516.38 
Corn Oil 883.63 
Scenario II DDGS 8,041.57 
DWGS 42,691.81 
Corn Oil 848.63 




Table 4.5. Emission of a variety of electricity supply technologies for conventional system 
(Scenario I) and flocculation system (Scenario II). 
 Scenario I Scenario II 
Electricity source kgCO2eq./kWh kgCO2eq./kWh 
Coal – PC 4157 1778 
Gas - Combined Cycle 2484 1063 
Biomass - cofiring 3752 1605 
Biomass - dedicated 1166 499 
Geothermal  193 82 
Hydropower 122 52 
Nuclear 61 26 
Concentrated Solar Power 137 59 
Solar PV - rooftop 208 89 
Solar PV - utility 243 104 
Wind onshore 56 24 
Wind offshore 61 26 
Average of GWP considering all electricity sources 1053 451 




CHAPTER 5.    BIOMASS CHARACTERIZATION WITH FOCUS ON CORN 
STOVER AND SUGARCANE BAGASSE FOR BIOENERGY PRODUCTION 
Abstract 
Biomass used for energy conversion has been widely used, and many technologies have been 
used to produce significant results in efficient bioenergy conversion. Advantages such as the 
reduction of carbon footprints and minimization of solid waste on the environment are 
achieved by using biofuels. Thus, to attain these advantages the use of biomass is 
indispensable; furthermore, biomass is is most often thought of as a renewable and abundant 
energy source. However, gaps related to the biomass characterization still exist in the literature, 
and understanding biomass properties is an essential factor that plays a crucial role for 
choosing the best energy conversion process for transforming the biomass into biofuel. 
Therefore, this paper attempts to determine the proximate analysis and predict the ultimate 
analysis of sugarcane bagasse and corn stover (leaves, stalks, cobs, and raw material). Based 
on the results, the ultimate analysis can be effectively estimated using empirical models based 
on the proximate analysis. 
Keywords: Agriculture residue, Proximate analysis, Ultimate analysis, Biofuels. 
 
Introduction 
In addressing environmental impacts and fuel security, biofuels are considered a 
potential alternative to fossil fuels. In actuality, biomass is becoming a crucial contributor to 
the global energy demand, mainly because it is considered a renewable and carbon-neutral 
source of energy (Madanayake et al., 2017). The utilization of biomass as a base for fuels 
results in reduction of carbon footprints, minimization of dependence on fossil fuels, and 
mitigation of solid waste (Shahbaz et al., 2017). According to the International Energy Agency 
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(EIA) (2016), biomass contributed to 10.3% of the total primary energy supply in the world 
during 2014. Singh et al. (2017) stated that in developing countries use of ethanol production 
promises to significantly increase, contributing to satisfying world energy needs. 
Ethanol can be produced from biomass containing free fermentable sugars or complex 
carbohydrates that can be converted into soluble sugars, making them fermentable. Ethanol 
feedstocks can be divided into three groups: sugars (sugar crops and by-products of sugar 
refineries), starchy crops, and lignocellulosic biomass (Zabed et al., 2016). 
There are three main processes of ethanol generation, categorized as the first, second, 
and third generation processes. The first generation derives biofuels from sugar-based 
feedstocks, the second from lignocellulosic-based feedstocks, and the third from algae-based 
feedstocks. However, from the perspective of industrial and pilot scales production, only the 
first and the second generations are presently considered profitable (Kang and Tan, 2016). 
For the first generation of ethanol production, the most common feedstocks are corn, 
sugarcane, molasses, and wheat, all also considered food sources. On the other hand, 
lignocellulosic-based biofuels are derived from non-foods, such as agricultural residues, forest 
residues, and grasses, which are mostly inexpensive and non-scarce materials available from 
plants (Kang and Tan, 2016; Naik et al., 2010). 
Significant advantages are associated with use of lignocellulosic biomass for ethanol 
production, for instance, lower greenhouse gas emissions into the atmosphere, no competition 
with food and feed production, abundance of available material, renewability, lower cost, and 
stimulation of new opportunities for the agricultural sector (Naik et al., 2010). 
In biofuels production, biomass properties are an essential factor that must be analyzed 
before choosing the best energy conversion process for transforming the biomass into biofuel. 
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Since biomass properties in every substance, characterized by physical and chemical analysis, 
tend to change with growth environment, time, and age (Nizamuddin et al., 2017), the objective 
of this study was to determine the proximate analysis and to estimate the ultimate analysis of 
sugarcane bagasse and corn stover (leaves, stalks, cobs, and raw material). 
 
Biomass Composition 
Biomass, derived from trees, forest residues, agricultural residues, grasses, aquatic 
plants, and crops, is mainly composed of organic and inorganic matter, and mostly found in a 
solid form. Carbohydrates, the main biomass components, can be classified into cellulose, 
hemicellulose, and lignin (Naik et al., 2010; Madanayake et al., 2017). Biomass is commonly 
formed of 35–55% cellulose, 20–40% hemicellulose, and 10–25% lignin (Singh et al., 2017). 
Cellulose is classified as a linear polysaccharide, containing thousands of D–glucose 
monomers, and is considered to be the most significant single component of lignocellulosic 
biomass. The crystalline structure, mechanical strength, and chemical stability of cellulose are 
a result of the interaction among three hydroxyl groups in each monomer that form intra and 
intermolecular hydrogen bonds (Yu et al., 2017). 
Hemicellulose is considered a complex carbohydrate structure, composed of different 
polymers like pentoses, hexoses, and sugar acids, and connecting the lignin and the cellulose 
fibers. It has lower molecular weight than cellulose, and has branches with short lateral chains 
consisting of different sugars that are easily hydrolyzable (Hendriks and Zeeman, 2009). 
Lignin is the second most abundant component in lignocellulose, considered a natural 
amorphous hydrophobic polymer that includes three main phenyl-propanoid units: p-coumaril, 
coniferyl, and sinapyl alcohols; it is also optically inactive. These characteristics make the 
degradation of lignin very difficult (Hendriks and Zeeman, 2009). The majority of the 
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compounds derived from lignin is assigned into a non-polar phase because of their lower 
oxygen content, with liquid fuels more thermally stable with higher energy density than fuels 
derived from other biomass components (Cheng and Brewer, 2017). 
Processes required to convert lignocellulose to fuel ethanol include: (1) pretreatment 
for removing lignin or hemicellulose for liberating cellulose; (2) depolymerization of 
carbohydrate polymers for producing free sugars; (3) fermentation of produced sugars (hexose 
and/or pentose) for producing ethanol; and (4) distillation of ethanol (Canilha et al., 2012). In 
lignocellulose conversion into ethanol, acid and/or enzymatic treatments are frequently used 
for hydrolyzing the cellulose and hemicellulose, signifying that the use of cellulose and 
hemicellulosic sugars present in biomass positively affects economical production of ethanol 
positively (Kumar et al., 2009). 
 
Biomass Characterization 
Biomass characterization is an initial and most significant steps in the conversion 
process. Chemical analyses are based on proximate analysis, ultimate analysis, and ash 
analysis. Proximate analysis involves determining the fixed carbon, volatile matter, ash yield, 
and moisture content of the solid fuel, while ultimate analysis focuses on quantitative 
determination of carbon (C), oxygen (O), hydrogen (H), sulfur (S), nitrogen (N) – the organic 
components, while ash analysis is associated with inorganic elements such as potassium (K), 
sodium (Na), silicon (Si), aluminum (Al), and iron (Fe) (Madanayake et al., 2017). 
To determine biomass composition, the biomass samples must be first prepared by 
converting a diverse amount of biomass samples into a uniform material suitable for both 
proximate and ultimate analysis. This preparation can follow either ASTM Standard Practice 
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E 1757-01 or the Preparation of Samples for Compositional Analysis (NREL/TP-510-42620), 
according to the National Renewable Energy Laboratory (Hames et al., 2008). 
Biomass samples may contain varying amounts of moisture that can be modified when 
exposed to air. Determination of the total solids content and moisture content in biomass can 
follow the ASTM E1756-01 procedure or the NREL/TP-510-42621 (Sluiter et al., 2008a). The 
ash content is considered to be the number of minerals and other inorganic materials remaining 
after the oxidation process, and the procedure for determining this amount follows the ASTM 
Standard Method Number E1755-01 “Standard Method for the Determination of Ash in 
Biomass” or the NREL/TP-510-42622 (Sluiter et al., 2008b). 
Volatile material is an estimate of the number of gaseous products with no moisture 
content in the biomass, which is released under specific conditions. This percentage can be 
determined by following the ASTM D3175-89 procedure, drying approximately 1 g samples 
in a conventional oven at 103±2 °C until a constant weight is reached following which these 
samples are kept in a muffle furnace at 925±10 °C for seven minutes. After heating, the 
samples are removed and placed in a desiccator until cooled, and the amount of volatile solids 
is determined by the weight difference (Oliveira et al., 2013). 
Fixed carbon can be defined as the amount of carbon chemically bonded to other carbon 
atoms, and it can be determined by summing the percentages of ash moisture content and 
volatile matter, then subtracting this sum from 100 (Oliveira et al., 2013). Elemental 
composition (carbon-C, hydrogen-H, and oxygen-O), and higher calorific value (HCV) can be 
estimated using the methodology proposed by Parikh et al. (2007). Determination of structural 
carbohydrates and lignin in biomass can follow the ASTM E1758-01 “Standard Method for 
the Determination of Carbohydrates by HPLC” procedure (Scarlata et al., 2011). Fuel energy 
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content can be determined by its higher heating value (HHV), estimated from the elemental 
composition of the fuel (Channiwala and Parikh, 2002). 
Ash analysis, used to predicting behavior of solid fuel in a combustion system, provides 
information about inorganic elements present in the fuel responsible for many of the drawbacks 
of biomass combustion (Madanayake et al., 2017). 
Determination of ultimate analysis requires specific equipment often not found in the 
laboratories,  making this experimental method significantly more costly than proximate 
analysis using relatively inexpensive instruments. Thus, ultimate analysis can be potentially 
estimated based on proximate analysis of raw biomass, an essential step for designing energy 
conversion systems and for predicting the flue gas flow rate, air requirements, and gas 
compositions in the combustion process (Nhuchhen, 2016). A few correlations have been 
proposed by some relevant published literature (Nhuchhen, 2016; Shen et al., 2010; Parikh et 
al., 2007). 
 
Material and Methods 
Biomass Sample 
Sugarcane bagasse and corn stover were used for conducting the analysis in this 
experiment, with the corn stover was adequately separated into leaves, stalks, cobs, and raw 
material. The sugarcane bagasse used was collected from the Lafourche Sugars Raw Sugar 
Factory, Louisiana, harvested during in October-December of 2016, and supplied by the 
American Sugar Cane League, while the corn stover was available from the Value-Added 
Bioprocessing (VAB) Laboratory in the Department of Agricultural and Biosystems 
Engineering at Iowa State University. The biomass samples were prepared using a convection 
oven drying method following the Preparation of Samples for Compositional Analysis 
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Biomasses samples were characterized by proximate analysis, comprehended by 
moisture content, total solids content, volatile content, ash content, and fixed carbon content. 
The analyses were conducted according to the Laboratory Analytical Procedures established 
by the National Renewable Energy Laboratory. 
Moisture content (%) and total solids content (%) of sugarcane bagasse and corn stover 
(leaves, stalks, cobs, and raw material) were determined using the convection oven method, 
following NREL/TP-510-42621 (Sluiter et al., 2008a), a procedure similar to ASTM E1756-
01.  
To estimate volatile matter content, standard method ASTM D3175-89 was followed, 
with approximately 1 g of oven-dried sample placed in a crucible within a muffle furnace set 
at 925 ± 10 oC for 7 minutes. The crucible was then removed and allowed to cool in a desiccator 
(Singh et al., 2017). The volatile matter content was calculated from the weight loss, according 
to Equation 5.1 in which the inputs are provided on a % dry basis. 
^_	(%) = c)+Dℎ(	,.//	(%) − 	_.+/(A*)	(%)                       (Eq. 5.1) 
The weight loss was estimated by Equation 5.2 which the inputs are in % dry basis. 
c)+Dℎ(	,.//	(%) = d(efghf)
ef
i 7	100                                        (Eq. 5.2) 
where: CS = weight of the sample before heating, HS = weight of the sample after heating.  
For determining ash content of the samples, the Laboratory Analytical Procedure of 
Determination of Ash in Biomass, NREL/TP-510-42622, was followed (Sluiter et al., 2008b). 
126 
An empirical equation (Equation 5.3) in which the inputs are provided on a % dry basis was 
used for estimating the fixed carbon (FC) of the samples. 
j5 = 100 − (%	k.,$(+,)/ + %	$/ℎ)                                   (Eq. 5.3) 
 
Ultimate analysis 
Ultimate analysis of sugarcane bagasse and corn stover were estimated by applying 
empirical equations with values provided on a % dry basis. The resulting correlations are given 
in Table 5.1. 
Table 5.2 presents the compositional analysis data of sugarcane bagasse and corn 
stover, selected from relevant publishers and used for comparing with the estimated values by 
using the previously chosen models. 
 
Statistical Analysis 
The Least Squares Mean was conducted to compare and analyze the predicted values 
and the values reported by various authors for ultimate analysis, by using SAS software, 
version 9.4. 
Results and Discussion 
The biomass samples used were chosen because of their extensive utilization in ethanol 
production, especially in the United States and Brazil, countries that have contributed the most 
to world ethanol production. 
 
Proximate Analysis 
Results of proximate analysis for sugarcane bagasse and corn stover (leaves, stalks, 
cobs, and raw material) are presented in Table 5.3. 
127 
Analysis of the results in Table 5.3 shows that sugar cane bagasse exhibited the lowest 
percentage of volatile matter compared to the corn stover samples, 80.24%, while corn stalks 
exhibited the most significant value, 87.21%, a higher value than results for corn stalks 
reported by Ozyuguran et al. (2018) (76.79%) and Niu et al. (2016) (72.46%). However, with 
respect to ash content, sugar cane bagasse exhibited the largest value (10.98%), in agreement 
with ash values of 11.27%, 12.6% and 11.3%, respectively, reported by Shen et al. (2010), 
Munir et al. (2009), and Nizamuddin et al. (2017). 
Varma and Mondal (2016) reported values of moisture content and volatile matter for 
sugar cane bagasse similar to those from this study. They reported 5.4% for moisture content, 
80.2% for the volatile matter, 11.3% for fixed carbon, and 3.1% for ash content. Channiwala 
and Parikh (2002) determined the proximate analysis of sugarcane bagasse and reported a 
moisture content of 51.01%, an ash content of 3.2%, volatile matter content of 83.66%, and 
fixed carbon content of 13.15%. Except for volatile matter, these results are entirely different 
from those from this study. 
Parikh et al. (2007), by determining the proximate analysis for corn stover, reported 
that the fixed carbon content, volatile matter content, and ash content were equal to 14.5%, 
78.1%, and 7.4%, respectively, which are larger values for fixed carbon and ash content and a 
smaller value for volatile matter than the values presented in this study. However, this study 
reports a value for ash content similar to those reported by Demirbas (1997) and Nhuchhen 
and Salam (2012), and a moisture content value similar to that of Niu et al. (2016). 
Analyzing the results for corn stover samples, the corn leaves had the largest value for 
moisture content (6.58%) and the lowest values for volatile matter (81.08%) and total solids 
content (93.42%) than stalks, cobs, and raw material. 
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For corn stalks, the result obtained for volatile matter was larger than those results 
reported by Niu et al. (2016) and Ozyuguran et al. (2018), while the fixed carbon result was 
smaller than the results published by them. However, ash and moisture content results were 
close to the results found by Yao et al. (2015). 
Volatile matter results obtained for corncobs are in agreement with values reported by 
Demirbaş (1997) and Demirbas (2004), and results for ash content are in concordance with 
those results published by Demirbaş (1997), Demirbas (2004), Parikh et al. (2007), Nhuchhen 
and Salam (2012), and Yao et al. (2015). With respect to fixed carbon values for corncobs, this 




The values predicted for elemental carbon, hydrogen, and oxygen from the models 
proposed by Parikh et al. (2007), Shen et al. (2010), and Nhuchhen (2016) are given  in Table 
5.4. 
The predicted values presented in Table 5.4, were compared and analyzed statistically 
with the values published by different authors listed in Table 5.2, and the least square means 
for each elemental component, C, H, and O, were reported in Table 5.5. 
For sugarcane bagasse, the predicted values for carbon were similar to the numerical 
values reported by Suarez et al. (2000) for sugarcane straw (43.5%), Munir et al. (2009) 
(43.79%), and Prakash & Sheeba (2016) (44.05%). However, Channiwala & Parikh (2002), 
Shen et al. (2010), Vassilev et al. (2010), Lee et al. (2013), Braz & Crnkovic (2014), Rocha et 
al. (2015), Le et al. (2017), Nizamuddin et al. (2017), and Qian et al. (2017), reported higher 
numerical values, ranging from 44.8% to 51.71%. The estimated values for hydrogen were 
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numerically comparable to those values reported by Shen et al. (2010) (5.35%), Lee et al. 
(2013) (5.32%), Braz & Crnkovic (2014) (5.57%), Le et al. (2017) (5.8%), Nizamuddin et al. 
(2017) (5.4%), and Qian et al. (2017) (5.88%), as well as the values for oxygen were similar 
to those numerical values published by Suarez et al. (2000) for sugarcane straw (41.1%), Munir 
et al. (2009) (41.35%), and Shen et al. (2010) (39.55%). However, Prakash & Sheeba (2016) 
reported a higher numerical value for elemental oxygen, 49.49%. 
With respect to the predicted values for corn stover (raw material), the estimated values 
for carbon were similar to those numerical values reported by Morey et al. (2009) (45.48%), 
Le et al. (2017) (45.0%), and Qian et al. (2017) for corn straw (45.0%), while Cuiping et al. 
(2004) reported a numerical value smaller than that predicted value in this study for corn straw 
(42.69%). Evans et al. (1988), Cuiping et al. (2004), Masiá et al. (2007), and Qian et al. (2017) 
reported numerical values comparable to the predicted values for hydrogen presenting 5.81%, 
6.16%, 5.87%, and 5.91%, respectively, with all related to corn straw except for the first value, 
in contrast to the numerical value stated by Bychkov et al. (2017) (5.2%). The estimated value 
for oxygen was similar to the numerical value reported by Cuiping et al. (2004), 42.69% for 
corn straw, and higher than the values found by Evans et al. (1988) (39.67%) and Le et al. 
(2017) (38.0%). 
The predicted values for leaves of corn stover could not be compared with published 
values for this particular biomass because of lack of information in the literature. However, by 
comparing the predicted values for carbon, hydrogen, and oxygen with the numerical values 
for the raw material, it can be seen that Cuiping et al. (2004) reported a value numerically 
similar to carbon (42.69%), Le et al. (2017) stated a numerical value for hydrogen (5.7%), and 
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Morey et al. (2009) and Niu et al. (2016) published similar values for oxygen, 41.52%, and 
41.66%, respectively. 
For stalks of corn stover, Niu et al. (2016) (C: 45.84%; H: 5.89%) and Yao et al. (2015) 
(C: 45.19%; H: 5.99%) reported numerical values similar to predicted values for carbon and 
hydrogen, while Ozyuguran et al. (2018) stated numerical values comparable to the predicted 
value for oxygen (43.53%). 
For cobs of corn stover, while the numerical values for carbon published by Parikh et 
al. (2007) (46.58%) and Bychkov et al. (2017) (46.54%) were in agreement with the predicted 
value, Cuiping et al. (2004) reported a lower value for carbon (44.53%), while Demirbas 
(2004) reported a higher value (49.0%) for carbon when compared to the value estimated in 
this study. García et al. (2012) and Parikh et al. (2007) reported values for hydrogen of 6.02% 
and 5.87%, numerically similar to the predicted value, while Demirbas (1997) and Demirbas 
(2004) published values of 44.6% and 44.5%, comparable to the predicted values for oxygen. 
Figure 5.1 (a, b, and c) are plots showing interaction between the values for carbon, 
hydrogen, and oxygen predicted by the models listed in Table 5.1 and the reference values 
listed in Table 5.2. 
By analyzing Figure 5.1 and the statistical outputs, it can be observed that there is no 
significate difference among the predicted values and the reference values for carbon, 
hydrogen, and oxygen, reported by the authors listed on Table 5.2 at 0.05 level, by presenting 





Based on experimental data from the proximate analysis, values of moisture content, 
volatile matter, ash content, fixed carbon, and total solids for sugarcane bagasse and corn stover 
(stalks, cobs, and raw materials) were similar to those values published by different authors, 
and it should be noted that there has previously been a lack of information in the literature 
related proximate analysis for leaves (corn stover), pointing out the importance of this work. 
The ultimate analysis for sugarcane bagasse and corn stover can be successfully 
predicted by using the published models based on the proximate analysis presented in this 
study, due to do not present statistically significant difference at 0.05 level. 
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Note: CSC: Corn stover – Cobs; CSL: Corn stover – Leaves; CSRM: Corn stover – Raw material; CSS: Corn 
stover – Stalks; SB: Sugarcane Bagasse. 
Figure 5.1. Interaction plots: a) for Carbon (C); b) for Hydrogen (H); and c) for Oxygen (O)   
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Tables 
Table 5.1. Models selected for predicting carbon, hydrogen and oxygen content on sugarcane 
bagasse and corn stover – Based on literature 
Model (% dry basis) References 
C = 0.637FC + 0.455VM Parikh et al. (2007) 
H = 0.052FC + 0.062VM Parikh et al. (2007) 
O = 0.304FC + 0.476VM Parikh et al. (2007) 
C = 0.635FC + 0.460VM - 0.095A  Shen et al. (2010) 
H = 0.059FC + 0.060VM + 0.010A  Shen et al. (2010) 
O = 0.340FC + 0.469VM - 0.023A Shen et al. (2010) 
C = -35.9972 + 0.7698VM +1.3269FC + 0.3250A Nhuchhen (2016) 
H = 55.3678 - 0.4830VM - 0.5319FC - 0.5600A Nhuchhen (2016) 
O = 223.6805 - 1.7226VM - 2.2296FC - 2.2463A  Nhuchhen (2016) 
Note: VM: Volatile matter; A: Ash content; and FC: Fixed carbon. 
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Table 5.2. Summary of sugarcane bagasse and corn stover compositional analysis data – 
Based on literature 
Biomass Ultimate analysis (% by mass, dry basis) References 
C H O N S 
Sugarcane bagasse 47.2 7 43.1 - - Suarez et al (2000) 
Sugarcane bagasse 45.48 5.96 45.21 0.15 - Channiwala & Parikh (2002) 
Sugarcane bagasse 43.79 5.96 43.36 1.69 - Munir et al. (2009) 
Sugarcane bagasse 38.3 6.04 41.35 1.71 - Munir et al. (2009) 
Sugarcane bagasse 44.8 5.35 39.55 0.38 0.01 Shen et al. (2010) 
Sugarcane bagasse 49.8 6 43.9 0.2 0.06 Vassilev et al. (2010) 
Sugarcane bagasse 51.71 5.32 42.64 0.33 - Lee et al. (2013) 
Sugarcane bagasse 45.05 5.57 37.91 0.25 - Braz & Crnkovic (2014) 
Sugarcane bagasse 50.57 6.05 42.55 0.73 0.1 Rocha et al. (2015) 
Sugarcane bagasse 44.05 6.21 49.49 0.25 0 Prakash & Sheeba (2016) 
Sugarcane bagasse 45 5.8 37 0.5 - Le et al. (2017) 
Sugarcane bagasse 44.8 5.4 39.6 - - Nizamuddin et al. (2017)  
Sugarcane bagasse 48.8 5.88 43 0.2 0.06 Qian et al. (2017) 
Sugarcane straw 43.5 6.1 41.1 - - Suarez et al. (2000) 
Corn stover 46.5 5.81 39.67 0.56 0.11 Evans et al. (1988) 
Corn stover 45.48 5.52 41.52 0.69 0.04 Morey et al. (2009) 
Corn stover 44.11 5.65 41.66 1.03 0.43 Niu et al. (2016) 
Corn stover 45 5.7 38 1.6 - Le et al. (2017) 
Corn straw 42.69 6.16 42.69 - - Cuiping et al. (2004) 
Corn straw 44.73 5.87 40.44 0.6 0.07 Masiá et al. (2007) 
Corn straw 46.24 5.2 - 0.87 - Bychkov et al. (2017) 
Corn straw 45 5.91 40.7 0.6 0.07 Qian et al. (2017) 
Corn stalk 45.19 5.99 32.5 - - Yao et al. (2015) 
Corn stalk 45.84 5.89 41.67 1.13 0.45 Niu et al. (2016) 
Corn stalk 42.02 5.58 43.53 1.24 0.43 Ozyuguran et al. (2018) 
Corncob 49 5.4 44.6 0.4 - Demirbaş (1997) 
Corncob 44.53 6.89 45.97 - - Cuiping et al. (2004) 
Corncob 49 5.4 44.5 - - Demirbas (2004) 
Corncob 46.58 5.87 45.56 0.47 0.01 Parikh et al. (2007) 
Corncob 44.78 6.02 48.77 0.22 0.21 García et al. (2012) 
Corncob 44.9 5.79 35.7 - - Yao et al. (2015) 
Corncob 46.54 5.31 - 1.08 - Bychkov et al. (2017) 




Table 5.3. Percent of moisture content, volatile matter, ash content, fixed carbon, and total 
solids presented on the biomasses (% dry basis) – Determined in laboratory 
Biomass sample M 
(%) 
VM (%) A (%) FC (%) TS (%) 


















































Note: M: Moisture content; VM: Volatile matter; A: Ash content; FC: Fixed carbon; and TS: Total solids. 
Standard deviations are presented in parenthesis. 
 
Table 5.4. Predicted values of the elemental carbon (C), hydrogen (H), and oxygen (O) – 
Based on models from literature 
Model used Parikh et al. (2007)  Shen et al. (2010)  Nhuchhen (2016) 
(% by mass, dry 
basis) 
(% by mass, dry 
basis) 
(% by mass, dry 
basis) 
C H O C H O C H O 
Sugarcane bagasse 42.11 5.43 40.87 41.45 5.44 40.37 41.00 5.79 41.20 
Corn Stover  
(Raw material) 45.35 5.82 43.67 45.32 5.76 43.34 44.78 6.21 43.79 
Corn Stover 
(Leaves) 43.40 5.56 41.70 42.96 5.55 41.30 42.81 5.90 41.68 
Corn Stover 
(Stalks) 45.97 5.92 44.51 46.11 5.84 44.19 45.18 6.36 44.89 
Corn Stover (Cobs) 47.14 5.99 44.76 47.41 5.94 44.57 47.35 6.34 44.28 











Table 5.5. Least squares means of predicted values of each elemental carbon (C), hydrogen 
(H), and oxygen (O) – Based on predicted calculated values 
 (% by mass, dry basis) 
C H O 
Sugarcane bagasse 41.52 5.55 40.81 
Corn Stover (Raw material) 45.15 5.93 43.60 
Corn Stover (Leaves) 43.06 5.67 41.56 
Corn Stover (Stalks) 45.75 6.04 44.53 
Corn Stover (Cobs) 47.30 6.08 44.54 
Note: C: carbon; H: hydrogen; and O: oxygen. 
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CHAPTER 6.    ENVIRONMENTAL AND ECONOMIC ANALYSIS OF LOW-
MOISTURE ANHYDROUS AMMONIA (LMAA) AS A PRETREATMENT FOR 
CELLULOSIC ETHANOL PRODUCTION 
Abstract 
In the context of global energy supply, cellulosic ethanol plays an essential role due to being 
considered a renewable fuel and minimize environmental emissions when compared to the 
exploration and utilization of fossil fuels. However, the cellulosic ethanol production requires 
pretreatment before the fermentation process, which is considered an expensive procedure that 
makes the cellulosic ethanol production costly. Therefore, the main goal of this research was 
to evaluate the economic and environmental impacts of using low-moisture anhydrous 
ammonia (LMAA) pretreatment in five different scenarios: 1000 tonne (t) of feedstock per day 
(Scenario I), 2000 t/d (Scenario II), 3000 t/d (Scenario III), 5000 t/d (Scenario IV), and 10000 
t/d (Scenario V), for ethanol production from sugarcane bagasse by using SuperPro software. 
Life Cycle Assessment (LCA) and Techno-Economic Analysis (TEA) were used to evaluate 
feasibility and environmental impact for all the simulated scenarios, with results showing that 
capital costs increased with an increase in the amount of processed feedstock, with the most 
significant investment required by the largest facility (10000 t/d). Mostly all the scenarios 
presented material costs (sugarcane bagasse, enzyme, yeast, and ammonia costs) as the 
expenses that impacted the most the overall annual operating costs, where sugarcane bagasse 
and ammonia were the responsible for about 58% and 40% of the total investment for material 
costs. In addition, from utility costs, it was observed that electricity represented about 45% of 
the annual utility costs for almost all the scenarios simulated. All the scenarios resulted in 
negative profit, and sensitivity analysis showed that ethanol sale price was the parameter that 
presented the greatest sensitivity for sugarcane bagasse ethanol production under LMAA 
141 
pretreatment conditions evaluated in this study. With respect to environmental aspects, the 
LCA results showed that the simulated 2000 t/d facility (Scenario II) achieved the lowest 
Global Warming Potential (GWP) for several electricity supply technologies analyzed and also 
achieved a significant reduction of CO2 equivalent emissions, representing more than 80% 
lower greenhouse gasses emissions (GHG), compared to the simulated 10000 t/d facility 
(Scenario V). 
Keywords: ethanol, sugarcane bagasse, LMAA. 
 
Introduction 
The several types of renewable feedstocks used as raw material for producing ethanol 
are commonly classified into three main groups: (1) feedstocks containing substantial amounts 
of readily fermentable sugar, (2) starches and fructosans, and (3) cellulosics (Amorim et al., 
2009). Monceaux (2009) stated that feedstock selection for ethanol production is directly 
influenced by cultural, agricultural, geographic, climatic and policy issues, and that concerns 
related to increased use of liquid fuels to supply energy demand associated with global 
population growth should be combined with the economic and environmental concerns. 
 Residual plant biomass is a lignocellulosic source in the form of agricultural or forestry 
residues that has been considered as the most abundant and renewable natural resource. Such 
residues can potentially be converted into several value-added products, such as biofuels and 
chemicals (Kuhad et al., 2007). Even though there are abundant lignocellulosic sources for 
bioconversion to ethanol, the greatest challenges for industrial-scaled biorefinery are related 
to solving logistical supply issues of getting biomass to an ethanol plant and operating such 
facility at cost-effective scales (Dien et al., 2018). Besides the challenges, the ethanol when 
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blended with 95% gasoline can minimize about 90% of CO2 and 60-80% of SO2 (Gupta and 
Verma, 2015). 
Cellulose, hemicellulose, and lignin are the main components of lignocellulosic 
feedstock. Cellulose is a crystalline polymer composed of glucose (a 6-carbon sugar), and 
hemicellulose is known as an amorphous and heterogeneous polymer composed of 5-carbon 
sugars (xylose, for grass species) combined with a smaller number of 6-carbon sugars (glucose, 
galactose, and mannose) (Cayetano and Kim, 2018).  
To produce ethanol, pretreatment, enzymatic hydrolysis, fermentation, and ethanol 
recovery are commonly required. The pretreatment is essential for separating free cellulose 
from biomass and for efficient enzymatic hydrolysis due to lignocellulosic biomass present 
sugars as pentoses and hexoses tightly associated with each other, which are difficult to 
separate (Gupta and Verma, 2015; Yang and Rosentrater, 2017). Cayetano and Kim (2017) 
reported without proper pretreatment, lignocellulosic feedstock digestibility is less than 20%. 
The enzyme hydrolysis process is performed by microbes that efficiently secrete cellulose 
enzyme, resulting in hydrolysis of cellulose to glucose, and enzyme-related and substrate-
related factors are most influential in enzymatic hydrolysis of cellulose in biomass. The 
fermentation process also requires the action of microbes that can convert glucose to ethanol 
(Gupta and Verma, 2015; Alvira et al., 2010). 
Physical, chemical, biological, and physico-chemical pretreatments can be applied to 
the conversion process of biomass into ethanol. Pretreatments make the biomass amenable to 
enzymatic degradation and microbial fermentation (Cayetano and Kim, 2018). Physical 
pretreatments demand additional energy inputs and may release some inhibitors into the 
fermentation process, increasing pretreatment costs. While biological pretreatment offers 
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safety and energy saving as advantages, it generally produces low hydrolysis rates and low 
ethanol yields. On the other hand, although chemical pretreatments require high energy input 
with adverse economic effects, they are the most-used treatments in the paper industry, for 
example (Gupta and Verma, 2015).  
Among several possible chemical reagents to be used during pretreatment, ammonia is 
one of the best because it achieves delignification, high preservation of glucose and 
hemicellulose, and swelling effects (Yang and Rosentrater, 2017). Other advantages rof using 
ammonia is that it can be easily recovered and reused, as well as, it is non-corrosive to several 
construction materials (Cayetano and Kim, 2017). Yoo et al. (2011) developed a low-moisture 
anhydrous ammonia (LMAA) pretreatment to minimize energy input and ammonia 
consumption during pretreatment, to lead short exposure time and to be carried out under 
ambient conditions, requiring low capital costs.  
Cayetano and Kim (2018) stated proof that LMAA pretreatment can be highly effective 
for herbaceous biomass by improving enzyme digestibility and ethanol yield, requiring 
relatively low chemical and water input, and mainly (almost 100%) retaining cellulose and 
hemicellulose in a solid phase. In LMAA pretreatment the lignocellulosic feedstock is 
generally adjusted to 50% moisture content (S/L = 1) without temperature control and then 
heat treated at 90oC, without requiring a washing step (Cayetano and Kim, 2017).  
Therefore, the objective of this study was to simulate and evaluate the economic 
feasibility of the use of low-moisture anhydrous ammonia (LMAA) pretreatment under five 
different scenarios: 1000 tonne (t) of feedstock per day (Scenario I), 2000 t/d (Scenario II), 
3000 t/d (Scenario III), 5000 t/d (Scenario IV), and 10000 t/d (Scenario V), for ethanol 
production from sugarcane bagasse using SuperPro software. 
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Materials and Methods 
Cellulosic ethanol facility using sugarcane bagasse as feedstock was simulated in this 
study for five different scale plant conditions: 1000 t/d of sugarcane bagasse (Scenario I), 2000 
t/d (Scenario II), 3000 t/d (Scenario III), 5000 t/d (Scenario IV), and 10000 t/d (Scenario V), 
respectively. The general process involved feedstock handling, ammoniation process, 
incubation process, enzymatic hydrolysis, fermentation process, evaporation process, and 
combustor and burner (Figure 6.1).  
Economic and environmental analysis was conducted for all scenarios using outputs 
from SuperPro Designer v10 (Intelligen, Inc. Scotch Plains, NJ). A “gate-to-gate” 
environmental impacts of cellulosic ethanol production from sugarcane bagasse were 
considered for conducting the life cycle assessment. The functional unit for greenhouse gas 
emissions was kgCO2eq./t of ethanol produced, and the feasibility of each facility conditions 
were determined using spreadsheet (MS-Excel) software to perform techno-economic analysis. 
Economic costs were estimated based on capital costs (equipment, installation, 
electrical, piping, and construction costs), variable costs (utility, labor, raw materials, 
maintenance and repair, and other supply costs), and fixed costs (insurance, depreciation, 
interest, overhead, and taxes). 
The cellulosic ethanol facility was assumed to operate for 330 d/y with a work schedule 
of 24 h/d considering time for maintenance and repairs (Wood et al., 2014). The nominal 
capacity of the plant in the model varies (1000 t/d of feedstock, 2000 t/d, 3000 t/d, 5000 t/d, 
and 10000 t/d). However, the 2000 t dry metric tons per day of raw material was taken as the 
most likely scale for ethanol production (Dutta et al., 2011). Ethanol was assumed to be the 
main product while electricity was generated as a coproduct mainly used to supply power 
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required by the facility, an total power expense included only additional electricity from the 
power company. 
To conduct the simulations, enzymatic hydrolysis conversion and fermentation 
conditions for corn stover ethanol production were assumed because the literature provided 
insufficient information about use of low-moisture anhydrous ammonia (LMAA) pretreatment 
for sugarcane bagasse, as well as due to corn stover present similar amount of cellulose, 
hemicellulose, and lignin compared to sugarcane bagasse (Table 6.1). Cellulose and ash 
content were determined according to ASTM Standard Method (Sluiter et al., 2008), 
respectively. Cellulose content was equal to 49.19%, which is similar to results found by Van 
Rijn et al. (2018) by reporting cellulose value for sugarcane bagasse equal to 43.2%. Ash 
content was 10.98%, in agreement with results from Nizamuddin et al. (2017) for sugarcane 
bagasse (11.3%). Lignin content was taken as the value published by Gupta and Verma (2015), 
18.4%. 
Some assumptions were made based on the conditions assumed by Yoo et al. (2011) 
and Yang and Rosentrater (2017) for corn stover ethanol production using LMAA as 
pretreatment. An adjustment to 50 wt. % feedstock moisture content was considered, and  to 
achieve this target moisture content, DM biomass water loading of 1g/g was used. After the 
sugarcane bagasse milling process, same amount of water and feedstock were mixed and 
inserted in a tank to equilibrate for 24 h.  
In the ammoniation process, anhydrous ammonia was added into the reactor to achieve 
0.1g NH3/g dry matter biomass, and the residence time was equal to 30 min, considering room 
temperature (~21oC) during the process. The incubation process consisted of transferring the 
ammoniated sugarcane bagasse into incubation tank for 72 h at 75 oC (Yang and Rosentrater, 
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2017). Then, the sugarcane bagasse pretreated was transferred into saccharification tanks for 
enzymatic hydrolysis process. In this step, the final temperature was set at 65 oC for a retention 
time of 48 h (Yang and Rosentrater, 2014). After the saccharification process, the filtration 
process was considered to separate the majority of solids and liquid. The liquid part was 
conducted to fermentation process while solids were conducted to the steam generation system.  
The fermentation process was conducted at 41 oC with a total residence time of 36 h 
(Yang and Rosentrater, 2014). To determine the enzyme loading, enzymatic activity was 
considered to be equal to 45 FPU/ml and requiring 15 FPU/g of glucan (Cheng et al., 2016). 
To produce ethanol, the distillation process was applied to remove the dissolved CO2 and most 
of the water remaining in the liquid after the fermentation process. The adsorption by granular 
activated carbon (GAC) were used to remove the water presented in the ethanol after the 
distillation process. 
To conduct the techno-economic analysis, assumptions as 20 years of plant lifetime, 30 
months of construction time, six months of startup time, a 35% income tax rate, 10 years 
depreciation period with 5% salvage value of directed costs, a 10% interest rate for debt 
financing, and 100% equity were considered. Operating costs were determined from the 
detailed material and energy flows presented by the model and the unit costs used in the design 
report. Brown and Brown (2013) methodology was followed for estimating total capital costs 
for all scenarios, (Table 6.2). 
Fixed capital investment (FCI) was calculated considering the purchased equipment 
costs, installation costs, indirect costs, and contingency, multiplied by a location factor (LF), 
which was equal to one in this study. The location factor is related to different dominating 
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costs in other regions and countries by considering that the simulated facility is located in a 
region or country without an established refining industry (Brown and Brown, 2013). 
Brown and Brown (2013) methodology was also used to determine the variable costs. 
Costs related to raw materials were calculated according to Equation 6.1. The capacity factor 
(!") presented in the raw material cost equation represents the fraction of time that a facility 
operates on an annual basis, which was calculated based on 330 working d/y for this study. 
Sugarcane bagasse cost was estimated according to the cost published by Gubicza et 
al. (2016), $44.00/t of sugarcane bagasse. The yeast cost was assumed to be $2.30/kg, which 




3 = 	56	7	'	̇ 7	31.5	7	10>	7	!"                                       (Eq. 6.1) 
where: 56	 – unit cost of raw material ($/kg); '̇– feed rate (kg/s) of raw material into plant; 
31.5 × 106 s/y corresponds to the total of seconds per year; !" – capacity factor of a facility. 
The assumed cost for operating labor cost was equal to $13.12 per hour, the same as 
Cheng (2017), supervisor labor cost was assumed to be 10% of operating labor cost,  and utility 
cost was taken from the economic report generated by the modeling simulation. Costs related 
to maintenance and repairs were estimated at 2% of total project investment (TPI). Then, the 
variable costs subtotal was the total of all direct operating expenses. The standard electrical 
power cost was taken as $0.058/kW-h, considering the electricity price for industrial sector in 
Iowa (EIA, 2018). 
Overhead, local taxes, and insurances are the main components of fixed costs. 
Overhead represented 50% of the sum of operating labor, supervision, and maintenance and 
repair; local taxes were taken as 1% of TPI, and insurance cost was calculated based on 0.4% 
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of TPI. The annual payment of interest and principal on loan for total capital was used as a 
basis for the annual capital charges (Equation 6.2) (Brown and Brown, 2013). 
?@@A$,	5$B+($,	5ℎ$*D)/	 0$
2
3 = 	 elmno(pqo)
r
[(pqo)rgp]
                                                     (Eq. 6.2) 
where: 5EFG	 – loan of capital (in the form of TPI); + - annual interest rate of the loan i (expressed 
as a decimal fraction); @ - the payment period of the loan (years). 
Annual operating costs were determined by the addition of direct costs, indirect costs, 
and annual capital charges, while the product costs were calculated by the annual operating 
costs divided by annual production output (Brown and Brown, 2013). Total production costs 
and production revenue obviously represent crucial information related to the profitability of 
the facility.  
For each scenario analyzed, the profitability was estimated as the difference between 
gross income and total costs (Equation 6.3). To calculate gross income, ethanol sale price was 
assumed to be equal to USDA (2019) market price, $1.31 per gallon, multiplied by the 
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Sensitivity analyses was conducted to identify which process parameters impact the 
most in the overall economics of the process considering the variation on the cost and selling 
price (Aden and Foust, 2009; Cheng, 2017). The price of variable cost, fixed cost, raw materials 
(sugarcane bagasse, enzyme, yeast, and ammonia), and ethanol cost at a time from -30% to 
+30%. 
 Life cycle assessment (LCA) was conducted considering the outputs from SuperPro 
model related to an energy source to calculate the Carbon Dioxide equivalent for each scenario 
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by using Greenhouse Gas Equivalencies Calculator (EPA, 2018a) and the emission conversion 
factor for greenhouse gas inventories (EPA, 2018b). The Global Warming Potential (GWP) 
generated for simulated model, in kgCO2eq./gal of ethanol produced, was estimated by 
comparing different energy sources as coal, gas, biomass, geothermal, hydropower, nuclear, 
solar power, and wind. 
 
Results and Discussion 
Initial investments in the facility represent all costs related to individual equipment 
items, instrumentation and control, process piping, insulation/electrical work, 
engineering/construction costs, yard improvements, and service facilities. Figure 6.2 gives a 
comparison of capital costs for all five scenarios (1000 t/d of feedstock, 2000 t/d, 3000 t/d, 
5000 t/d, and 10000 t/d). Scenario I (1000 t/d) required the lowest initial investment and 
scenario V (10000 t/d) required the highest. Total project investments for scenarios I, II, III, 
and IV were 21%, 33%, 43% and 61%, respectively, of the total investment for scenario V. 
Brown (2015) claimed that capital costs are point estimates that usually do not reflect 
uncertainties inherent in common calculation methodologies, and pointed out that such 
uncertainties can vary between +/- 30% of total capital costs, and may therefore significantly 
affect economic feasibility of cellulosic biorefineries. Factors that can influence such 
uncertainties are equipment cost fluctuations, unexpected construction conditions, changing 
permitting regimes, and economic volatility. 
The total capital costs reported by Van Rijn et al. (2018) for a biorefinery with a 
throughput of 300000 t/y of sugarcane bagasse used as feedstocks were equal to $180 million 
estimated by Aspen Plus model, while the SuperPro Designer model presented a value equal 
to $125 million. The results reported for the Aspen Plus model simulation were similar to those 
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from this study for scenario I (330000 t/y of sugarcane bagasse), which was $184 million 
estimated by the SuperPro Designer model. One of the reasons for not presenting the same 
result related to total capital costs on the models simulated using SuperPro Designer can be 
associated with the application of different pretreatment, enzymatic hydrolyzes, and 
fermentation processes. SuperPro Designer simulations for scenario II (660000 t/y), scenario 
III (990000 t/y), scenario IV (1650000 t/y), and scenario V (3300000 t/y) resulted in capital 
costs of $291 million, $383 million, $545 million, and $891 , all for sugarcane bagasse ethanol 
production under LMAA pretreatment conditions. 
Gubicza et al. (2016) simulated five different scenarios based on conditions for 
liquefaction plus simultaneous saccharification and co-fermentation process with sugarcane 
bagasse pretreated with dilute-acid steam explosion using Aspen Plus model. They reported 
capital costs ranging from $169 million to $197 million for a throughput of 300000 t/y of 
feedstock for all scenarios. Kaylen et al. (2000) estimated capital investments for processing 
4360 t/d of woody feedstock to produce lignocellulosic ethanol to be $455 million, in 
agreement with the value found for scenario IV in this study, corresponding to 5000 t/d of 
feedstock. Kumar and Murthy (2011) simulated the use of grass straw to produce ethanol from 
different pretreatments (dilute acid, dilute alkali, hot water, and steam explosion), considering 
250000 t/y of biomass processing capacity using SuperPro Designer. They reported that the 
diluted acid pretreatment accounted for higher capital costs ($114 million) than their other 
scenarios. Lynd et al. (2017) asserted that high capital costs have a significant influence to the 
cost-competitiveness and replication of cellulosic biofuels facilities at commercial scale, 
highlighting that for a cellulosic facility the capital cost per annual gallon presents an average 
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of $13.81/gal, while the annual capital cost per gallon for a corn plant presents an average of 
$2/gal. 
From Table 6.3, the largest scale facility required larger equipment when compared to 
other scale modeling production due to a large amount of feedstock processing. Also, due to 
the demand of different equipment size for each scenario, the equipment cost varied among 
scenarios. For example, scenario I required a grinder with a rated throughput of 41,670 kg/h at 
a cost $252,000, while scenario II required a grinder  with arated throughput of 83,340 kg/h at 
a cost of $428,000, scenario III required a grinder with a rated throughput of 125,000 kg/h at 
a cost of $605,000, scenario IV demanded a grinder with a rated throughput of 208,340 kg/h 
at a cost of $958,000, and scenario V required a grinder with a rated throughput of 416,670 
kg/h at a cost $1,840,000. The same type of observation can be applied to all other equipment 
in all five scenarios, except for the flat bottom tank that presents fixed costs for all scenarios 
($32,000). 
Impacts of expenses associated with facilities, labor, materials, and utility required for 
the operation process on the overall annual operating costs for all scenarios are shown in Figure 
6.3. Facilities costs was the factor that impacted the most the total annual operating costs for 
scenarios I and II, followed by materials, utility, and labor costs, while materials costs were 
the factor that had the most significant impact for scenarios III, IV, and V. From an overall 
perspective, materials costs ranged from 30% to 41%, making a substantial contribution to 
overall operating costs of 36% on average over the scenarios analyzed, followed by facilities 
costs (27% - 40%), utility costs (26% - 32%), and labor costs (1% - 4%). 
Material costs were mainly related to sugarcane bagasse, enzyme, yeast, and ammonia 
costs. All scenarios showed similar results related to the proportion of annual material costs. 
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Sugarcane bagasse was the material that significantly impacted the material costs by requiring 
around 58% of total material costs (Figure 6.4). Ammonia costs accounted for the second 
largest material costs, approximately 40% of the total investment, followed by enzyme costs 
and yeast costs that accounted on average for 1.5% and 0.5% of total material costs. Dutta et 
al. (2010) claimed that the most significant contributors to the ethanol cost were feedstock and 
capital costs. In addition, enzyme and fixed costs contributed significantly to ethanol price.  
Utility costs, expenses related to cooling water, steam, and electricity, usually represent 
a significant portion of investment in terms of annual operational costs. Figure 6.5 shows that 
electricity costs represented the major portion of the annual utility costs for all five scenarios, 
with an average of 45%, except for scenario I for which steam was the most significant factor 
for utility costs. Cooling water accounted for about 11% of overall utility costs for all scenarios. 
Even though the demand for electricity, steam, and cooling water increased when the feedstock 
amount increased, all the scenarios required about the same proportional amount of each utility, 
except for the scenario I. 
The total amount of ethanol produced by each simulated scenario is shown in Figure 
6.6 (a). As expected, the largest scale plant simulated (10000 t/d of feedstock) presented the 
most significant ethanol production (246 Mgal/y). On the other hand, the smallest scale plant 
(1000 t/d of feedstock) produced 25 Mgal/y of ethanol, representing 10% of the total ethanol 
production of scenario V. Scenario II (2000 t/d), the most commonly applied scale for ethanol 
facility, produced 49 Mgal/y of ethanol, corresponding to 20% of the total ethanol production 
of scenario V, while scenario III and scenario IV produced 74 Mgal/y and 123 Mgal/y of 
ethanol, respectively, representing 30% and 50% of the ethanol production of the largest scale 
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plant simulated. It can be affirmed that the ethanol production followed the same trend 
compared as the amount of the feedstock processed. 
Ethanol production costs ranged from $2.54/gal ($0.67/L) to $3.75/gal ($0.99/L), with 
the lowest price associated with the largest amount of sugarcane bagasse processed (Scenario 
V, 10000 t/d) and the highest price associated with smallest feedstock amount processed 
(Scenario I, 1000 t/d). It can be observed that an increase in the feedstock amount to be 
processed results in lower production costs (Figure 6.6 (b)). Gubicza et al. (2016) simulated 
different scenarios of sugarcane bagasse ethanol production and reported a range of $0.50/L to 
$0.63/L of ethanol produced for a 300000 t/ y feedstock throughput, in agreement with the 
results of this study.  
Profitability for the simulated scenarios was determined by calculating the annual 
revenue from ethanol sales minus the total cost, taking into account the sum of total variable 
costs and total fixed costs. According to the USDA (2019), the ethanol sale price in 2019 was 
$1.31/gal. Figure 6.7 represents the profit/loss estimated for each scenario analyzed in this 
study. None of the scenarios were profitable because of high expenses costs and low ethanol 
selling price, the most challenging aspects to making cellulosic ethanol production profitable. 
Material costs, especially feedstock costs, ammonia costs, and utility costs, contributed 
significantly to these results. Costs associated with pretreatment and enzymatic hydrolysis for 
converting polysaccharides to monomeric sugars fermented by microbes are also responsible 
for the cellulosic ethanol process being more expensive than starch- or sugar-based feedstock 
ethanol production (Van Rijn et al., 2018).  
Dutta et al. (2010) conducted an experiment related to corn stover ethanol production 
under dilute acid pretreatment and different fermentation conditions and reported that the 
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minimum selling price for the most economical scenario analyzed was $2.68/gal, while the 
most expensive scenario resulted in a selling price of $3.30/gal. Then, it can be seen that to 
make a profit scenario; the ethanol selling price should be higher than the selling price assumed 
in this study (market price) due to the expensive investment on total costs. The authors affirmed 
that the minimum selling price, which is the lowest price that the ethanol must be sold to 
achieve a net present value (NPV) to be zero, can be affected by capital cost, but the reduction 
of residence time during enzymatic hydrolysis and fermentation processes may also contribute 
to minimization of capital costs. Van Rijn et al. (2018) reported that the minimum selling price 
of ethanol from sweet sorghum bagasse should range from $0.89 to $4.58 per gallon of ethanol 
to produce an NPV of zero. 
In Brazil, sugarcane bagasse is commonly used as boiler fuel for producing energy for 
sugar mills to minimize energy costs, and also as an alternative to the utilization of biomass 
left over. It is also a tentative to be self-sustainable in terms of energy input. Then, the use of 
sugarcane bagasse for steam/electricity production may be more economically attractive than 
cellulosic ethanol production due to its critical cost production. Babcock et al. (2011) reflected 
on the opportunity for cellulosic ethanol production as a profitable investments and pointed 
out that because of capital investment costs, feedstock costs, estimates of conversion costs, and 
production technology costs, ethanol prices alone cannot cover even the lowest-cost sources 
of cellulosic ethanol. In addition, those authors claimed that another aspect that might interfere 
with cellulosic ethanol exploration is a saturated ethanol market, then, possibly making 
cellulosic ethanol production unattractive because investors in starch- and sugar-based ethanol 
would continue to be strong competitors. However, pecial conditions such as changes in 
government regulations, tax policy, or subsidization of cellulosic ethanol over conventional 
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ethanol could represent alternatives that would make cellulosic ethanol more attractive to 
investors. 
Sensitivity analysis performed was run on essential parameters of the model. Results 
show that ethanol sale price is the parameter that presented the greatest sensitivity for 
sugarcane bagasse ethanol production under LMAA pretreatment conditions (Figures 6.8 to 
6.12). Followed by sugarcane bagasse costs, ammonia costs, fixed costs, enzyme costs, and 
yeast costs. It should also be pointed out that , in addition to ethanol sale price, feedstock cost 
and ammonia cost are the most important parameters in terms of sensitivity analysis, in 
agreement with Brown and Brown (2013). 
To quantify environmental impact, life cycle assessment of all five scenarios was 
conducted, with a greenhouse gas equivalencies calculator (EPA, 2018a) and an emission 
conversion factor for greenhouse gas inventories (EPA, 2018b) used to estimate greenhouse 
gas emissions (GHG) for each scenario. As expected, greenhouse gas (GHG) emissions 
increased when the amount of feedstock processed increased. Scenario I (1000 t/d of feedstock) 
reflected the lowest amount of GHG emissions, 842,800 kgCO2eq./d, followed by scenario II, 
scenario III, scenario IV, and scenario V, reflecting GHG emissions of 1,440,300 kgCO2eq./d, 
2,312,600 kgCO2eq./d, 3,782,300 kgCO2eq./d, and 7,459,500 kgCO2eq./d, respectively. 
Therefore, it can be affirmed that a significant benefit related to biofuel production is reduction 
of GHG emissions harmful to the atmosphere.  
Figure 6.13 shows the global warming potential (GWP) emissions estimated for each 
simulated scenario and compares several energy sources using life cycle emissions factors 
provided by the EPA (2018b). This comparison would help in making better environmental 
decisions in many cases. For all scenarios, onshore wind sources were associated with the 
156 
lowest GWP emission, while coal was associated with the highest GWP emissions. Calculation 
of a GWP average that considers all electricity supply technologies for each simulated scenario 
showed scenario V (10000 t/d) to present the lowest average, 0.0001 kgCO2eq./gal of ethanol 
produced, followed by scenario IV (0.0003 kgCO2eq./gal of ethanol produced), scenario III 
(0.0005 kgCO2eq./gal of ethanol produced), scenario II (0.0007 kgCO2eq./gal of ethanol 
produced), and scenario I (0.002 kgCO2eq./gal of ethanol produced). 
 
Conclusion 
Sugarcane bagasse is an agricultural waste that can potentially be used for cellulosic 
ethanol production. The utilization of low-moisture anhydrous ammonia (LMAA) 
pretreatment has been no applied to cellulosic ethanol from sugarcane bagasse. Therefore, from 
the results, it can be affirmed that there is a high potential of using LMAA as pretreatment for 
cellulosic ethanol production from sugarcane bagasse. However, because of the requirement 
of high investment on materials and facilities, simulated ethanol production cost was found to 
exceed ethanol market price, making cellulosic ethanol production unattractive to the investors. 
Sensitivity analysis showed that ethanol sale price, feedstock cost, and ammonia cost required 
by pretreatment simulated in this study were the parameters of greatest sensitivity, so a 
profitable scenario for sugarcane bagasse ethanol production, would require material cost to 
be minimized. 
On the other hand, enormous reduction in greenhouse gas emissions among the 
simulated scenarios was achieved, highlighting that the scenario in which the lowest amount 
of sugarcane bagasse was processed (Scenario I, 1000 t/d) achieved the lowest greenhouse gas 
(GHG) emissions, about 90% lower GHG than for scenario V (10000 t/d). One reason for this 
can be related to the use of lower capacity equipment that requires lower energy consumption. 
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Figure 6.2. Overall fixed capital costs for Scenario I (1000 t/d), Scenario II (2000 t/d), Scenario 
III (3000 t/d), Scenario IV (5000 t/d), and Scenario V (10000 t/d). Where TPEC – Total 
Purchased Equipment Cost; TIEC – Total Installed Equipment Cost; TIC – Total Indirect Cost; 




Figure 6.3. Proportion of annual operating costs for Scenario I (1000 t/d), Scenario II (2000 















































































Figure 6.4. Proportion of material costs for Scenario I (1000 t/d), Scenario II (2000 t/d), 
Scenario III (3000 t/d), Scenario IV (5000 t/d), and Scenario V (10000 t/d). 
 
Figure 6.5. Proportion of utility costs for Scenario I (1000 t/d), Scenario II (2000 t/d), Scenario 






















































































Figure 6.6. a) Ethanol production for Scenario I (1000 t/d), Scenario II (2000 t/d), Scenario 
III (3000 t/d), Scenario IV (5000 t/d), and Scenario V (10000 t/d). b) Ethanol production cost 
for Scenario I (1000 t/d), Scenario II (2000 t/d), Scenario III (3000 t/d), Scenario IV (5000 



















































Figure 6.7. Profitability for Scenario I (1000 t/d), Scenario II (2000 t/d), Scenario III (3000 
t/d), Scenario IV (5000 t/d), and Scenario V (10000 t/d).  
 
Figure 6.8. Sensitivity analysis of cellulosic ethanol under LMAA pretreatment for scenario I 
(1000 t/d of sugarcane bagasse) as a function of ethanol sale price, sugarcane bagasse cost, 
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Figure 6.9. Sensitivity analysis of cellulosic ethanol under LMAA pretreatment for scenario II 
(2000 t/d of sugarcane bagasse) as a function of ethanol sale price, sugarcane bagasse cost, 
ammonia cost, enzyme cost, yeast cost, and fixed cost at a time from -30% to +30%.  
 
Figure 6.10. Sensitivity analysis of cellulosic ethanol under LMAA pretreatment for scenario 
III (3000 t/d of sugarcane bagasse) as a function of ethanol sale price, sugarcane bagasse 
cost, ammonia cost, enzyme cost, yeast cost, and fixed cost at a time from -30% to +30%.  
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Figure 6.11. Sensitivity analysis of cellulosic ethanol under LMAA pretreatment for scenario 
IV (5000 t/d of sugarcane bagasse) as a function of ethanol sale price, sugarcane bagasse cost, 
ammonia cost, enzyme cost, yeast cost, and fixed cost at a time from -30% to +30%.  
 
Figure 6.12. Sensitivity analysis of cellulosic ethanol under LMAA pretreatment for scenario 
V (10000 t/d of sugarcane bagasse) as a function of ethanol sale price, sugarcane bagasse 
cost, ammonia cost, enzyme cost, yeast cost, and fixed cost at a time from -30% to +30%.  
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Figure 6.13. Global Warming Potential (GWP) emissions in kgCO2eq./t of ethanol produced 
from sugarcane bagasse ethanol production under LMAA pretreatment conditions for 
Scenario I (1000 t/d), Scenario II (2000 t/d), Scenario III (3000 t/d), Scenario IV (5000 t/d), 
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Table 6.1. Feedstock composition  
Feedstock Cellulose (%) Hemicellulose (%) Lignin (%) Ash (%) References 
Sugarcane bagasse 38.8 23.9 26.4 1.3 Liu et al. (2018) 
Sugarcane bagasse - - 18.4 - Gupta and Verma (2015) 
Sugarcane bagasse 39 31 13.9 1.1 Pandiyan et al. (2018) 
Sugarcane bagasse 50.0 25.0 25.0 - Pandey et al. (2000) 
Corn stover 35.4 24.6 16.1 3.5 Liu et al. (2018) 





Table 6.2. Methodology applied for estimating the total capital cost investment 
Parameter Assumptions 
Total Purchased Equipment (TPEC) 100% 
Purchased equipment installation  39% of TPEC 
Instrumentation and controls 26% of TPEC 
Piping 10% of TPEC 
Electrical systems 31% of TPEC 
Buildings (including services) 29% of TPEC 
Yard improvements 12% of TPEC 
Service facilities 55% of TPEC 
Total Installed Equipment Cost (TIEC) TPEC × sum of installation factors 
(302%) 
Total Indirect Cost (TIC) TPEC × sum of IC factors (89%) 
Engineering 32% 
Construction 34% 
Legal and contractors fees 23% 
Total Installed Equipment and Indirect Costs TEIC + TIC 
Contingency (TEIC + TIC) × 20% 
Fix Capital Investment (FCI) (TEIC + TIC + contingency) × Local 
Factor 
Working Capital (WC) 15% of FCI 
Land Use 6% of TPEC 
Total Project Investment (TPI) FCI + WC + Land 





















Table 6.3. Equipment costs considering Scenario I (1000 t/d), Scenario II (2000 t/d), Scenario III (3000 t/d), Scenario IV (5000 t/d), 
and Scenario V (10000 t/d). 
 Scenario I (1000 t/d) Scenario II (2000 t/d) Scenario III (3000 t/d) Scenario IV (5000 t/d) Scenario V (10000 t/d) 
Equipment Quantity Unit Cost ($) Quantity Unit Cost ($) Quantity Unit Cost ($) Quantity Unit Cost ($) Quantity Unit Cost ($) 
Grinder 1 252,000 1 428,000 1 605,000 1 958,000 1 1,840,000 
Receiver 
Tank 
1 541,000 1 826,000 1 1,112,000 1 1,683,000 1 3,110,000 
Stirred 
Reactor 
1 970,000 1 1,214,000 1 1,412,000 1 1,741,000 1 2,383,000 
Receiver 
Tank 
1 1,109,000 1 1,963,000 1 2,817,000 1 4,525,000 1 8,796,000 
Fermentor 1 14,397,000 1 22,912,000 1 30,182,000 1 42,828,000 1 69,098,000 
Fermentor 1 7,315,000 1 11,350,000 1 14,825,000 1 20,843,000 1 33,347,000 
Distillation 
Collumn 
1 63,000 1 88,000 1 110,000 1 150,000 1 241,000 
Distillation 
Collumn 
1 61,000 1 83,000 1 101,000 1 134,000 1 209,000 
Belt Filter  333,000  338,000  338,000  338,000  338,000 
GAC 
Column 
1 217,000 1 272,000 1 314,000 1 374,000 1 475,000 
Flat Bottom 
Tank 
1 32,000 1 32,000 1 32,000 1 32,000 1 32,000 
Steam 
Generator 




1 695,000 1 1,492,000 1 2,084,000 1 3,152,000 1 5,457,000 
Centrifugal 
Pump 
1 85,000 1 112,000 1 131,000 1 161,000 1 212,000 
Sludge 
Dryer 
1 49,000 1 66,000 1 87,000 1 118,000 1 183,000 
Unlisted 
Equipment 
 6,756,000  10,678,000  14,060,000  20,030,000  32,736,000 




CHAPTER 7.    GENERAL CONCLUSION AND FUTURE WORKS 
Conclusion 
Biomass is one of the most abundant and sustainable material for biofuel productions, 
contributing to the reduction of dependence of fossil fuels and environmental impacts 
mitigation. The studies developed in this dissertation were conducted to fill some existing gaps 
in knowledge related to different aspects of ethanol production and its co-products aiming to 
investigate the feasibility of certain processes among the ethanol production chain. 
Therefore, by conducting a study related to the effect of storage conditions on distillers 
grains with solubles (DDGS), it could be concluded that storage temperature does not affect 
the chemical and nutritional properties investigated. On the other hand, storage time and 
particle size presented significant impact on DDGS chemical and nutritional properties, which 
is essential information to animal diets formulation, as well as facility design and operational 
processes. 
In another study, Techno-Economic Analysis and Life Cycle Assessment (LCA) were 
conducted to evaluate the utilization of flocculation technology as an alternative to evaporation 
process in a corn-based ethanol plants for minimizing energy consumption during DDGS, 
distillers wet grains with solubles (DWGS), and corn oil production. Results presented a 
significant reduction in utility cost for the flocculation system when compared to the 
evaporation process, while the overall fixed costs and the annual operating costs were higher 
for the flocculation system. Both scenarios presented negative profit, and from sensitivity 
analysis it was observed that feedstocks cost was the most sensitive parameter on DDGS, 
DWGS, and corn oil production cost. On the other hand, in environmental impact aspects, the 
flocculation system scenario presented the lowest Global Warming Potential (GWP) emissions 
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and a significant reduction of CO2 equivalent emissions when compared to a conventional 
system. 
In another study, the characterization of sugarcane bagasse and corn stover were 
evaluated for ethanol production as a study. Results revealed that the experimental data from 
the proximate analysis were similar to the values found in the literature. Pointing out that from 
the raw materials analyzed (sugarcane bagasse, corn stover as stalks, cobs, leaves, and whole), 
there is a lack of information in literature related to the values of proximate analysis for corn 
stover leaves. Based on the proximate analysis the ultimate analysis for sugarcane bagasse and 
corn stover can be effectively predicted by using published models. 
Finally, related to the last study, which simulated and evaluated the economic 
feasibility and the environmental impacts of the use of low-moisture anhydrous ammonia 
(LMAA) pretreatment for five different scenarios for ethanol production from sugarcane 
bagasse. Results suggested that the investment on materials and facilities costs was high, 
making the cellulosic ethanol production not as attractive to the investors as the sugar- or 
starch-based ethanol production. Sensitivity analysis revealed that ethanol sale price was the 
most sensitive parameter, followed by feedstock cost and ammonia cost. Thus, it could be 
possible to make sugarcane bagasse ethanol production profitable if the material cost decreased 
and the ethanol sale price increased. Related to environmental impacts, results showed that a 
significant reduction in greenhouse gas (GHG) emissions was observed among the scenarios, 





By reflecting on what was developed on the studies of this dissertation, some future 
works were identified. The investigation of environmental impacts and economic evaluation 
of using chemical flocculants in flocculation technology applied to a corn-based ethanol plant 
in substitution to evaporation process may be conducted to minimize the material costs, which 
were pointed to be one of the most significant contributors to the high investment. Another 
suggestion is the construction of a pilot plant to collect experimental data to validate the 
simulation model. 
In addition, one of the most relevant future works suggested is to conduct an experiment 
using LMAA pretreatment for ethanol production from sugarcane bagasse to assemble 
experimental data to evaluate the accuracy of the assumptions inserted on the simulation 
model. As another suggestion, the input factors of incubation and fermentation could be varied 
to select the best model related to ethanol conversion based on economic and environmental 
aspects. 
To conclude, further studies should be conducted using sugarcane bagasse in human 
diets to investigate the health effects. Human consumption limitations could also be evaluated 
to determine the ideal proportion of sugarcane bagasse. 
 
